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ABSTRACT 
DAVID ANDREW NICEWICZ:  The [1,2]-Brook Rearrangement: Novel Carbon-Carbon 
Bond Forming Reactions and Application to the Total Synthesis of Zaragozic Acid C 
(Under the direction of Jeffrey S. Johnson) 
I.  Catalytic Cyanation/Brook Rearrangement/C-Acylation Reactions of    
  Acylsilanes 
  A tandem nucleophile-catalyzed cyanation/Brook rearrangement/C-acylation has been 
developed.  Phase transfer cocatalysts facilitate cyanide-catalyzed reactions between 
acylsilanes and cyanoformates to afford protected tertiary carbinol products.  A catalytic 
cycle is proposed involving cyanation of an acylsilane, [1,2]-Brook rearrangement, and C-
acylation of the derived carbanion by a cyanoformate ester.  The reaction offers an efficient 
method for the preparation of functionalized, unsymmetrical malonic acid derivatives. 
R'
O
SiR3 NC
O
OR'' R' OSiR3
+ KCN (cat.)
18-Crown-6 (cat.)
NC CO2R''
 
II. Catalytic Enantioselective Acylation of (Silyloxy)nitrile Anions 
  New catalytic enantioselective cyanation/[1,2]-Brook rearrangement/C-acylation 
reactions of acylsilanes with cyanoformate esters are described.  Catalysts for this 
transformation were discovered via a directed candidate screen of 96 metal-ligand 
complexes.  Optimization of a (salen)aluminum complex revealed significant remote 
electronic effects and concentration effects.  The scope of the reaction was investigated by 
using a number of aryl acylsilanes and cyanoformate esters.  Chemoselective reduction of the 
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reaction products afforded new enantioenriched α-hydroxy-α-aryl-β-amino acid derivatives 
and β-lactams.  This reaction provides a simple method for the construction of new nitrogen-
containing enantioenriched chiral building blocks.  
Ar
O
SiR3 NC
O
OR' Ar CO2R'
+
NC OSiR3(salen)Al OiPr
61-82% ee
catalyst
 
III. Three Component Coupling Reactions of Silylglyoxylates, Alkynes, and   
  Aldehydes: A Chemoselective One Step Glycolate Aldol Construction 
  A single-pot three-component coupling reaction of silylglyoxylates, terminal alkynes, 
and aldehydes in the presence of ZnI2 and Et3N is presented. The products of the reaction, 
densely functionalized silyl-protected glycolate aldols, can be converted to the corresponding 
acetonides in a one-pot deprotection/ketalization sequence. Mechanistic experiments suggest 
that the zinc acetylide reacts with the silylgyloxylate in a chemoselective manner. Using an 
unoptimized (+)-N-methylephedrine and Zn(OTf)2 system, moderate levels of 
enantioselectivity for the title reaction was achieved. 
O
SiR3R
1O2C ++ R
3CHOHR2 R
3
OH
R1O2C
R3SiO
 Et3N
R2
 ZnI2
 
IV. Application of the Silylglyoxylate Glycolate Aldol Reaction: Progress    
  Toward the Total Synthesis of Zaragozic Acid C 
  A review of the literature concerning previous approaches to the zaragozic acids is 
presented.  A highly diastereoselective single step double aldol reaction of vinylmagnesium 
bromide, tert-butyl tert-butyldimethylsilylglyoxylate, and tert-butyl glyoxylate to afford an 
advanced intermediate with the potential for further elaboration to zaragozic acid C was 
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explored.  Subsequent manipulations set the stage for an intramolecular aldol which 
constructed a key ε-lactone and supplied all of the required atoms of the zaragozic acid C 
core.   
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CHAPTER 1 
CATALYTIC CYANATION/BROOK REARRANGEMENT/C-
ACYLATION REACTIONS OF ACYLSILANES  
1.1  Introduction 
 Nucleophile initiated [1,2]-Brook rearrangements1 of acylsilanes (1) offer an effective 
means of generating latent (silyloxy)carbanions (2) poised to engage a range of electrophiles 
(Scheme 1-1).2  The resultant silyl-protected secondary or tertiary carbinol products (3) 
bearing a newly-formed chiral center are versatile organic building blocks with the potential 
for further elaboration.  Transformations of this nature can be carried out by sequential 
addition of the nucleophile and electrophile to the acylsilane.  Conversely, if a compatible 
nucleophile-electrophile pair is carefully selected, a one-pot cascade process amenable to 
novel modes of asymmetric catalysis can be achieved.  The work reported herein explores the 
catalytic formation of (silyloxy)carbanion 2 and its reactivity towards various electrophiles in 
racemic and enantioselective fashion. 
Scheme 1-1.  General Reactivity of Acylsilanes 
R' SiR3
O
1
Nu¯
R' SiR3
O Nu
R' Nu
OSiR3Brook rearrangement
2
E+
R' Nu
3
E OSiR3M+ X¯¯M
+
M+
¯ X¯-M+retro Brook rearrangement
 
 
                                                 
(1) Brook, A. G. Acc. Chem. Res. 1974, 7, 77-84. 
 
(2) Moser, W. H. Tetrahedron 2001, 57, 2065-2084. 
1.2  Background 
 Synthetic approaches toward α-cyano α-hydroxy esters and their derivatives have been 
reported; all involve the formation of a single carbon-carbon bond as the key step.  Lewis 
acid- or Lewis base-promoted additions of silyl cyanide reagents (7) to α–keto esters (6) 
deliver silyloxy cyanoesters (5) (Scheme 1-2).3,4  An ene reaction between 1-hexene and 
ethoxalyl cyanide forms a different C–C bond and yields the unprotected carbinol.5  
Alternatively, cyano carbonyl compounds may be prepared via C-acylation of carbanions 
derived from suitably protected cyanohydrins.6,7  An asymmetric variant of this reaction 
involving an auxiliary controlled C-acylation of a chiral cyanohydrin phosphate with benzoyl 
chloride was recently disclosed by Schrader.8  Takeda, Reich, and Degl’Innocenti have 
reported generation of carbanionic cyanohydrin derivatives via reactions of acylsilanes (1) 
with various ¯CN sources.9,10,11  The nucleophiles derived from [1,2]-Brook rearrangement 
were trapped in protonation and alkylation reactions, but the analogous acylation reactions 
have not been reported to the best of our knowledge. 
                                                 
(3) Foley, L. H. Synth. Commun. 1984, 14, 1291-1297. 
 
(4) Wilkinson, H. S.; Grover, P. T.; Vandenbossche, C. P.; Bakale, R. P.; Bhongle, N. N.; Wald, S. A.; 
Senanayake, C. H. Org. Lett. 2001, 3, 553-556. 
 
(5) Achmatowicz, O., Jr.; Szymoniak, J. Tetrahedron 1982, 38, 1299-1302. 
 
(6) Babler, J. H.; Marcuccilli, C. J.; Oblong, J. E. Synth. Commun. 1990, 20, 1831-1836. 
 
(7) Stojanac, N.; Valenta, Z. Can. J. Chem. 1991, 69, 853-855. 
 
(8) Schrader, T. Chem. Eur. J. 1997, 3, 1273-1282. 
 
(9) Takeda, K.; Ohnishi, Y. Tetrahedron Lett. 2000, 41, 4169-4172. 
 
(10) Reich, H. J.; Holtan, R. C.; Bolm, C. J. Am. Chem. Soc. 1990, 112, 5609-5617. 
 
(11) Degl'Innocenti, A.; Ricci, A.; Mordini, A.; Reginato, G.; Colotta, V. Gazz. Chim. Ital. 1987, 117, 645-648. 
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Scheme 1-2.  Approaches to α-Silyloxy α-Cyanoesters 
R' SiR3
O
NC OR''
O
R' CO2R''
R3SiO CN
R'
O
O
OR''
R3SiCN
+
cat.1
4
5
6
7
+cat.
  
 The latter publications led us to consider the possibility of employing cyanoformates12,13 
as acylating agents for the silyl cyanohydrin carbanions (Scheme 1-3).  Nucleophilic addition 
of a metal cyanide to an acylsilane (1) would generate a tetrahedral intermediate 1a poised to 
undergo [1,2]-Brook rearrangement.  Following migration of silicon from carbon to oxygen, 
C-acylation of the resulting nitrile enolate 1b with a cyanoformate ester (4) would give the 
desired product and regenerate the metal cyanide, completing the catalytic cycle.14  
Scheme 1-3.  Proposed Reaction Catalytic Cycle 
R' SiR3
O R' SiR3
¯O CN
NC OR''
O
R' C
OSiR3
M+
N¯ M+
¯CNM+
R' CO2R''
R3SiO CN
1
5 4
Acylation
Cyanation [1,2]-Brook 
Rearrangement
1a
1b
 
 
                                                 
(12) Mander, L. N.; Sethi, S. P. Tetrahedron Lett. 1983, 24, 5425-5428. 
 
(13) Crabtree, S. R.; Mander, L. N.; Sethi, S. P. Org. Synth. 1991, 70, 256-264. 
 
(14) Linghu, X.; Nicewicz, D. A.; Johnson, J. S. Org. Lett. 2002, 4, 2957-2960. 
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1.3  Results and Discussion  
 Acylsilanes used in this study were prepared in three synthetic steps in good to excellent 
overall yields (eq 1).1,15  Thioketalization of the appropriate aldehyde followed by 
deprotonation using n-butyllithium and trapping with the chlorosilane of choice afforded the 
corresponding silylthioketal.  Deprotection of the thioketal is effected by treatment with 
aqueous methanol in the presence of mercury (II) salts to furnish the desired acylsilanes (1). 
R' SiR3
O
1
R' H
O
HCl, MeOH
SHHS
R' H
SS 1) nBuLi; then ClSiR3
2) HgCl2, HgO
    MeOH/H2O
R' = Aryl, Alkyl, Heteroaryl
SiR3 = SiEt3, Si
tBuMe2
(1)
 
 To assess the viability of the proposed reaction scheme (Scheme 1-3), a number of 
catalysts and co-catalysts were evaluated (Table 1-1).  In the presence of catalytic quantities 
of KCN, phenyl triethylsilyl ketone (8) reacted slowly with ethyl cyanoformate (4a) in Et2O 
to afford the desired acylation product 5a in low yield (entry 1).  Speculating that the limited 
solubility of the KCN in the medium was hindering reactivity, phase transfer catalysts were 
employed to increase the concentration of ¯CN in solution.  The commonly-used KCN co-
catalyst, 18-crown-6,16 proved optimal for the Brook rearrangement sequence and was 
feasible at relatively low catalyst loadings (5 mol %, entry 2). The reaction also proceeded 
with co-catalysis by tetrabutylammonium or tetrabutylphosphonium bromide, albeit at a 
slower rate (entries 3, 4).  The tertiary amine quinuclidine (entry 5) could also be utilized as a 
catalyst in the absence of KCN, although slower reaction times were observed relative to the 
KCN/18-crown-6 system.  The success of this experiment suggests that a different 
mechanism, one analogous to O-acylation reactions conducted by Deng, may be operative for 
                                                 
(15) Corey, E. J.; Seebach, D. Angew. Chem. Int. Ed. Engl. 1965, 4, 1077-1078. 
 
(16) Evans, D. A.; Truesdale, L. K. Tetrahedron Lett. 1973, 4929-4932.  
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this catalyst.17  A control experiment demonstrated that 8 and 4a do not react in the absence 
of a catalyst (entry 6).  
Table 1-1. Catalyst Evaluation for Cyanation/Brook Rearrangement/C-Acylation Reactions 
of Acylsilanes (eq 2).a 
O
SiEt3 NC
O
OEt OSiEt3+
Catalyst
(5 mol %)
Et2O, 25
 oC
(2)
8 4a 5a
NC CO2Et
 
Entry Catalyst Time (h) Yield (%)b 
1 KCN 36 29c 
2 KCN/18-Crown-6 4-5 86 
3 KCN/Bu4NBr 15 83 
4 KCN/Bu4PBr 15 74 
5 quinuclidine 36 69d 
6 none 36 0 
a) PhC(O)SiEt3 (1.0 equiv), NCCO2Et (1.1 equiv).  b) Isolated yield of analytically pure material.  c) 
Percent conversion based on 1H NMR spectroscopy of the unpurified reaction mixture.  d) 20 mol % 
cat., C7H8, 25 °C. 
 
 With the identification of 18-crown-6 and KCN as an efficient catalyst system, the 
reaction scope was studied using a variety of acylsilanes.  Collectively, aryl acylsilanes gave 
moderate to excellent yields (66-97%, Table 1-2, entries 1-5, 9).  The electron-poor aryl 
acylsilanes reacted faster (1-2 h) than did their electron-rich counterparts (4-24 h), which 
required more forcing conditions (toluene, 110 °C).  Alkyl acylsilanes gave moderate to good 
yields (49-73%, entries 6-8) with reaction times closer to that of the electron-deficient aryl 
acylsilanes (1.5-4 h).  Optimum yields for enolization-prone alkyl acylsilanes were realized 
                                                 
(17) Tian, S.-K.; Deng, L. J. Am. Chem. Soc. 2001, 123, 6195-6196. 
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Table 1-2. Catalytic Cyanation/Brook Rearrangement/C-Acylation of Acylsilanes (Eq 3).a 
R
O
SiEt3 NC
O
OEt R OSiEt3
+
KCN (cat.)
(3)
18-Crown-6 (5 mol %)
NC CO2Et
1 54a  
Entry Acylsilane Product Solvent Time (h) Yield (%)b 
1 
O
SiEt3
 
OSiEt3
NC CO2Et
 5a
Et2O 2 81 
2 
O
SiEt3
Cl  
OSiEt3
Cl
NC CO2Et
5b
Et2O 1 74 
3 
O
SiEt3
MeO  
OSiEt3
MeO
NC CO2Et
5c
Et2O 12 62c 
4 
O
SiEt3
MeO  
OSiEt3
MeO
NC CO2Et
5c
C7H8 3 85d,e 
5 
O
SiEt3
Me2N  
OSiEt3
Me2N
NC CO2Et
5d
C7H8 24 97e 
6 
O
SiEt3
Me ( )5  OSiEt3
Me
NC CO2Et
( )5    5e
Et2O 1.5 73f 
7 
O
SiEt3
Me
Me  
OSiEt3
Me
Me
NC CO2Et
   5f
Et2O 1.5 61f 
8 
O
SiEt3
Me
Me
Me
 
OSiEt3
Me
Me
Me
NC CO2Et
  5g
Et2O 3-4 49f 
9 
O
SiEt3
O  
OSiEt3
O
NC CO2Et
 5h
C7H8 4-5 66e 
a) RC(O)SiEt3 (1.0 equiv), NCCO2Et (1.1 equiv), 23 °C unless otherwise stated.  b) Isolated yield of 
analytically pure material; average of at least 2 experiments.  c) Percent conversion based on 1H NMR 
spectroscopy; 50 mol % 18-crown-6, 5.0 equiv of NCCO2Et.  d) 20 mol % of 18-crown-6.  e) 
Reaction carried out at 110 °C.  f) 60 mol % of 18-crown-6 and 4 equiv of NCCO2Et; slow addition 
of acylsilane. 
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through slow acylsilane addition to a solution of cyanoformate and catalyst.  This procedure 
minimized the competing proton transfer pathway, and the cyanohydrin by-product (10%-
33%) arising from protonation of 1b (see Scheme 1-3) was separable from the desired 
product by chromatography.  To a first approximation, yields correlated with steric demand 
of the alkyl acylsilane substrate (entries 6-8).  It has not yet been ascertained if the rate-
limiting step is the same for all substrates.  The reactivity profile observed for the aryl 
acylsilanes could implicate either the cyanation or Brook rearrangement steps as rate-
limiting. 
 The substrate scope was further investigated in the context of silane and cyanoformate 
structure (Table 1-3).  Yields were good to excellent (72–92%) when either the silyl group or 
the cyanoformate was varied.  In general, it appears that the more robust tert-butyl 
dimethylsilyl acylsilane afforded higher yields than did the triethylsilyl acylsilane.  In these 
reactions, the carbinol protecting group is selected through the choice of the acylsilane.  The 
fact that there is little qualitative difference in reactivity for the –SiEt3 or –SitBuMe2 groups 
suggests good flexibility with respect to this and future chemistry.  One exception is phenyl 
trimethylsilyl ketone (PhC(O)SiMe3), which was successfully employed in these reactions, 
but with formation of variable quantities of the derived ketoester (PhC(O)CO2Et) as a result 
of TMSCN elimination. 
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Table 1-3. Variation of Silane and Ester Substituents in Catalyzed Cyanation/Brook 
Rearrangement/C-Acylation Reactions (Eq 4).a 
O
SiR3 NC
O
OR'
OSiR3+
KCN/18-Crown-6
(5 mol %)
Et2O, 25
 oC
(4)
NC CO2R'
1 4 5  
Entry Acylsilane (R’) Product Time (h) Yield (%)b 
1 SitBuMe2 Et OSitBuMe2
NC CO2Et
5i
2 92 
2 SitBuMe2 Bn OSitBuMe2
NC CO2Bn
5j
2 87 
3 SitBuMe2 tBu OSitBuMe2
NC CO2
tBu
5k
1 87 
4 SiEt3 Et OSiEt3
NC CO2Et
   5a
2 81 
5 SiEt3 Bn OSiEt3
NC CO2Bn
   5l
2 80 
6 SiEt3 tBu OSiEt3
NC CO2
tBu
 5m
12 72 
a) PhC(O)SiR3 (1.0 equiv), NCCO2R´ (1.1 equiv).  b) Isolated yield of analytically pure material; 
average of at least 2 experiments. 
 
1.4  Conclusions 
 A new catalyzed cyanation/Brook rearrangement/C-acylation sequence has been 
developed that results in the efficient construction of functionalized unsymmetrical malonic 
acid derivatives from readily accessible starting materials.  The operationally simple reaction 
proceeds at ambient temperature or above and conveniently introduces silyl group protection 
of the resulting tertiary carbinol with concomitant formation of two new carbon-carbon 
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bonds.  Reasonable generality of the reaction with a range of acylsilanes and cyanoformates 
has been demonstrated. 
1.5  Experimental 
  Materials and Methods: General.  Infrared (IR) spectra were obtained using a 
Nicolet 560-E.S.P. infrared spectrometer.  Proton and carbon nuclear magnetic resonance 
spectra (1H and 13C NMR) were recorded on the following instruments: Bruker model 
Avance 400 (1H NMR at 400 MHz and 13C NMR at 100 MHz) and Varian Gemini 300 (1H 
NMR at 300 MHz and 13C at 75 MHz) spectrometers with solvent resonance as the internal 
standard (1H NMR: CDCl3 at 7.23 ppm and 13C NMR: CDCl3 at 77.0 ppm).  1H NMR data 
are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, sep = septet, m = multiplet), coupling constants (Hz), and integration.  Combustion 
analyses were performed by Atlantic Microlab Inc., Norcross, GA.  Analytical thin layer 
chromatography (TLC) was performed on Whatman 0.25 mm silica gel 60 plates.  
Visualization was accomplished with UV light and aqueous ceric ammonium nitrate 
molybdate solution followed by heating.  Purification of the reaction products was carried out 
by flash chromatography using Sorbent Technologies silica gel 60 (32-63 µm).  All reactions 
were carried out under an atmosphere of nitrogen in oven-dried glassware with magnetic 
stirring.  Yield refers to isolated yield of analytically pure material.  Yields are reported for a 
specific experiment and as a result may differ slightly from those found in the tables, which 
are averages of at least two experiments.  Diethyl ether, tetrahydrofuran, and toluene were 
dried by passage through a column of neutral alumina under nitrogen prior to use.18  
                                                 
(18) Alaimo, P.J.; Peters, D. W.; Arnold, J.; Bergman, R. G. J. Chem. Ed. 2001, 78, 64.  
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Dithianes were prepared from the corresponding aldehydes using Graham’s procedure.19  
Unless otherwise noted, reagents were obtained from commercial sources and used without 
further purification.  18-crown-6 was recrystallized from acetonitrile.  Potassium cyanide was 
dried at 180 °C under vacuum.  CAUTION: Potassium cyanide is toxic and releases HCN 
upon exposure to acid.  While we have encountered no problems in the chemistry described 
herein, we regularly employ an HCN detector (BW Technologies, Ltd.) in manipulations 
involving cyanide reagents as a precautionary measure.  Reactions should be conducted in a 
well-ventilated fume hood. 
 General Procedure (A) for the preparation of silyldithianes.15,20  To a dry 100 mL 
round-bottom flask with a magnetic stir bar was added 7.5 mmol of dithiane.  THF (35 mL) 
was added via syringe.  The resulting solution was treated with n-butyllithium at –78 °C (2.5 
M in hexanes, 8.3 mmol, 1.1 equiv) dropwise via syringe.  The reaction was stirred at –78 °C 
for 2 h and 8.3 mmol triethylsilyl chloride (1.1 equiv) was added dropwise via syringe at the 
same temperature.  After 30 min, the reaction was warmed to 25 °C for 30 min and then 
quenched with 40 mL of saturated aqueous NH4Cl.  The aqueous layer was extracted with 
three 30 mL portions of Et2O.  The organic extracts were combined, dried (MgSO4), filtered, 
and the solvent was removed with a rotary evaporator.  The crude product was purified by 
flash chromatography, eluting with the indicated solvent system to afford the pure 
silyldithiane. 
                                                 
(19) Graham, A. E. Synth. Comm. 1999, 29, 697-703. 
 
(20) Page, P. C. B.; Graham, A. E.; Park, B. K. Tetrahedron 1992, 48, 7265-7274. 
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H
SS
1) nBuLi
2) ClSiEt3
SiEt3
SS
 
 2-Phenyl-2-triethylsilyl-1,3-dithiane.  The title compound was prepared according to 
General Procedure A using 1.5 g (7.5 mmol) of dithiane, 3.30 mL of n-butyllithium (2.5 M in 
hexanes, 8.3 mmol), and 1.4 mL (8.3 mmol) of chlorotriethylsilane to yield 2.3 g (100%) of 
the silyl dithiane as a colorless oil after flash chromatography with 80:1 Hexanes/EtOAc.  
Analytical data for title compound: IR (thin film, cm-1) 3076, 3056, 3025, 3010, 2952, 2904, 
2830, 1954, 1910, 1816, 1774, 1591, 1477, 1458, 1421, 1272, 1240, 1033, 1010, 928, 799; 
1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 8.4 Hz, 2H), 7.37 (dd,  J = 8.4 Hz , 7.2 Hz, 2H), 
7.17 (t, J = 7.2 Hz, 1H), 2.77 (ddd, J = 14.4 Hz, 14.4 Hz, 12.8 Hz, 2H), 2.37 (ddd, J = 14.0 
Hz, 4.0 Hz, 4.0 Hz, 2H), 2.03 (dtt, J=14.0 Hz, 13.6 Hz, 2.4 Hz, 1H), 1.87 (dtt, J = 14.0 Hz, 
4.0 Hz, 4.0 Hz, 1H), 0.917 (t, J = 8.4 Hz, 9H), 0.70 (q, J = 8.4 Hz, 4.0 Hz, 4.0 Hz, 6H); 13C 
NMR (100 MHz, CDCl3) δ 140.9, 129.7, 128.3, 125.1, 48.3, 25.3, 25.3, 7.8, 1.8; TLC (70:1 
hexanes/EtOAc) Rf 0.42. Anal. Calcd for C16H26S2Si: C, 61.87; H, 8.44. Found: C, 61.67; H, 
8.40. 
H
SS 1) nBuLi
2) ClSitBuMe2
SitBuMe2
SS
 
 2-Phenyl-2-tert-butyldimethylsilyl-1,3-dithiane. The title compound was prepared 
according to General Procedure A using 2.50 g (12.7 mmol) of dithiane, 5.60 mL of a 2.5 M 
n-butyllithium in hexanes (14.0 mmol), and 2.11 mL (14.0 mmol) of tert-butyldimethylsilyl 
chloride to yield 3.60 g (91%) of the silyl dithiane as a colorless oil after flash 
chromatography (1:99 EtOAc/petroleum ether) Analytical data for title compound: IR (thin 
film, cm-1) 3057, 2928, 2901, 2856, 1592, 1471, 1441, 1423, 1364, 1257; 1H NMR (400 
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MHz, CDCl3) δ 7.97-7.95 (m, 2H), 7.37-7.33 (m, 2H), 7.18-7.14 (m, 1H), 2.76 (ddd, J = 13.2 
Hz, 13.2 Hz, 1.8 Hz, 2H), 2.37 (ddd, J = 14.4 Hz, 14.4 Hz, 3.2 Hz, 2H), 1.99 (dtt, J = 13.2 
Hz, 12.8 Hz, 2.8 Hz, 1H), 1.86 (dtt, J = 13.6 Hz, 4.0 Hz, 4.0 Hz, 1H), 0.79 (s, 9H), 0.13 (s, 
6H); 13C NMR (100 MHz, CDCl3) δ 141.0, 130.4, 128.5, 125.6, 48.9, 28.0, 25.5, 25.4, 20.0;  
TLC (95:5 petroleum ether/EtOAc) Rf 0.62. Attempts to obtain acceptable combustion 
analysis were not successful. See Supporting Information of reference 14 for a 1H NMR 
spectrum. 
H
SS
1) nBuLi
2) ClSiEt3
SiEt3
SS
ClCl  
 2-(4-Chlorophenyl)-2-triethylsilyl-1,3-dithiane.  The title compound was prepared 
according to General Procedure A using 1.7 g (7.5 mmol) of dithiane, 3.3 mL of n-
butyllithium (2.5 M in hexanes, 8.3 mmol), and 1.4 mL (8.3 mmol) of chlorotriethylsilane to 
yield 2.5 g (98%) of the silyl dithiane as a colorless oil after flash chromatography with 80:1 
Hexanes/EtOAc.  Analytical data for title compound: IR (thin film, cm-1) 3059, 2951, 2905, 
2876, 1481, 1094, 1011, 917, 840, 711; 1H NMR (400 MHz, CDCl3) δ 7.88 (dd, J = 8.8 Hz, 
2.0 Hz, 2H), 7.32 (dd, J = 8.8 Hz, 2.0 Hz, 2H), 2.73 (ddd, J = 14.0 Hz, 14.0 Hz, 2.4 Hz, 2H), 
2.38 (ddd, J = 14.0 Hz, 4.0 Hz, 4.0 Hz, 2H), 2.02 (dtt, J = 14.0 Hz, 13.6 Hz, 2.4 Hz, 1H), 
1.89 (dtt, J = 13.6 Hz, 4.0 Hz, 2.4 Hz, 1H), 0.927 (t, J = 8.0 Hz, 9H), 0.69 (q, J = 8 Hz, 6H); 
13C NMR (100MHz, CDCl3) δ 139.9, 131.1, 131.1, 128.4, 47.8, 25.1, 25.1, 7.8, 1.70; TLC 
(80:1 Hexanes/EtOAc) Rf 0.30. Anal. Calcd for C16H25ClS2Si: C, 55.70; H, 7.30. Found: C, 
55.86; H, 7.37. 
 12
H
SS
1) nBuLi
2) ClSiEt3
SiEt3
SS
MeO MeO  
 2-(4-Methoxyphenyl)-2-triethylsilyl-1,3-dithiane.  The title compound was prepared 
according to General Procedure A using 1.7 g (7.5 mmol) of dithiane, 3.3 mL of n-
butyllithium (2.5 M in hexanes, 8.3 mmol), and 1.4 mL (8.3 mmol) of chlorotriethylsilane to 
yield 2.6 g (100%) of the silyl dithiane as a colorless oil after flash chromatography with 
55:1 Hexanes/EtOAc.  Analytical data for title compound: IR (thin film, cm-1) 3065, 3032, 
2950, 2905, 1603, 1501, 1288, 1247, 1180, 1037, 1010, 839, 717; 1H NMR (400 MHz, 
CDCl3) δ 7.82 (dd, J = 9.2 Hz, 2.4 Hz, 2H), 6.89 (dd, J = 9.2 Hz, 3.2 Hz, 2H) 3.82 (s, 3H), 
2.77 (ddd, J = 14 Hz, 14 Hz, 2.8 Hz, 2H), 2.36 (ddd, J = 14 Hz, 3.2 Hz, 3.2 Hz, 2H), 2.01 
(dtt, J = 14 Hz, 14 Hz, 3.2 Hz, 1H), 1.86 (dtt, J = 14.0 Hz, 3.2 Hz, 3.2 Hz, 1H), 0.92 (t, J = 
7.6 Hz, 9H), 0.68 (q, J = 7.6 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 157.2, 132.6, 130.8, 
113.5, 55.1, 47.6, 25.3, 25.0, 7.8, 1.7; TLC (55:1 Hexanes/EtOAc) Rf 0.3. Anal. Calcd for 
C17H28OS2Si: C, 59.94; H, 8.29. Found: C, 60.14; H, 8.32. 
H
SS 1) nBuLi
2) ClSiEt3
Me2N
SiEt3
SS
Me2N  
 2-(4-N,N-Dimethylphenyl)-2-tert-butyldimethylsilyl-1,3-dithiane. The title compound 
was prepared according to General Procedure A using 1.5 g (6.3 mmol) of dithiane, 2.8 mL 
of n-butyllithium (2.5 M in hexanes, 6.9 mmol), and 1.2 mL (6.9 mmol) of 
chlorotriethylsilane to yield 1.6 g (72%) of the silyl dithiane as a yellow solid after flash 
chromatography (5:95 EtOAc/petroleum ether) Analytical data for title compound: IR 
(CHCl3, cm-1) 3031, 2954, 2909, 2878, 2401, 1608, 1510, 1423, 1232, 1207, 1011; 1H NMR 
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(300 MHz, CDCl3) δ 7.70 (d, J = 6.6 Hz, 2H), 6.71 (d, J = 6.6 Hz, 2H), 2.98 (s, 6H), 2.78 
(ddd, J = 10.5 Hz, 10.5 Hz, 1.8 Hz, 2H), 2.33 (ddd, J = 10.5 Hz, 2.4 Hz, 1.8 Hz, 2H), 1.96 
(dtt, J = 10.5 Hz, 9.6 Hz, 2.4 Hz, 1H), 1.83 (dtt, J = 10.5 Hz, 10.5 Hz, 2.4 Hz), 0.90 (t, J = 
5.7 Hz, 9H), 0.66 (q, J = 5.7 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 148.5, 130.9, 128.4, 
112.8, 48.2, 41.0, 25.9, 8.3, 2.5; TLC (95:5 petroleum ether/EtOAc) Rf 0.46. Anal. Calcd for 
C18H31NS2Si: C, 61.13; H, 8.84; N, 3.96. Found: C, 61.04; H, 8.85; N, 3.91. 
H
SS 1) 
nBuLi
2) ClSiEt3
Me ( )5 SiEt3
SS
Me ( )5  
 2-Hexyl-2-triethylsilyl-1,3-dithiane.  To a dry 100 mL round-bottom flask with a 
magnetic stir bar was added 1.0 g (5.0 mmol) of the dithiane. The dithiane was dissolved in 
THF (18 mL) and cooled to –30 °C.  n-Butyllithium (2.2 mL of a 2.5 M solution in hexanes, 
5.5 mmol, 1.1equiv) was added dropwise to the solution via syringe.  The reaction was 
stirred at –30 °C for 3 h, then cooled to –78 °C.  Triethylsilyl chloride (0.93 mL, 5.5 mmol, 
1.1 equiv) was added dropwise via syringe.  After 30 min, the reaction was warmed to 25 °C 
for 30 min, and quenched with 40 mL of saturated aqueous NH4Cl.  The aqueous layer was 
extracted with three 30 mL portions of Et2O and dried over MgSO4.  The organic extracts 
were combined and concentrated on a rotary evaporator.  The crude product was purified by 
flash chromatography with 35:1 Hexanes/EtOAc to afford 1.5 g (97%) of a colorless oil.  
Analytical data for title compound: IR (thin film, cm-1) 2954, 2931, 2875, 1458, 1236, 1010, 
727; 1H NMR (400 MHz, CDCl3) δ 3.06 (ddd, J = 14.1 Hz, 12.3 Hz, 2.7 Hz, 2H), 2.22 (ddd, 
J = 14.1 Hz, 3.9 Hz, 3.9 Hz, 2H), 2.20-2.25 (m, 2H), 2.1-1.8 (m, 2H), 1.55-1.42 (m, 2H), 
1.30-1.24 (m, 6H), 1.06 (t, J = 7.8 Hz, 9H), 0.95-0.85 (m, 3H), 0.79 (q, J = 7.8 Hz, 6H); 13C 
NMR (100 MHz, CDCl3) δ 39.9, 37.6, 31.8, 29.9, 28.0, 25.3, 23.4, 22.7, 14.1, 8.2, 2.9; TLC 
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(35:1 Hexanes/EtOAc) Rf 0.3. Anal. Calcd for C16H34S2Si: C, 60.31; H, 10.75. Found: C, 
60.42; H, 10.93. 
H
SS 1) nBuLi
2) ClSiEt3
SiEt3
SS
Me Me
Me Me  
 2-Isopropyl-2-triethylsilyl-1,3-dithiane.  To a dry 100 mL round-bottom flask with a 
magnetic stir bar was added 1.0 g (6.2 mmol) of the dithiane. The dithiane was dissolved in 
THF (35 mL) and cooled to –30 °C.  n-Butyllithium (2.7 mL of a 2.5 M solution in hexanes, 
6.8 mmol, 1.1equiv) was added dropwise to the solution via syringe.  The reaction was 
stirred at –30 °C for 3 h, then cooled to –78 °C.  Triethylsilyl chloride (1.2 mL, 6.8 mmol, 
1.1 equiv) was added dropwise via syringe.  After 30 min, the reaction was warmed to 25 °C 
for 30 min, and quenched with 40 mL of saturated aqueous NH4Cl.  The aqueous layer was 
extracted with three 30 mL portions of Et2O.  The organic extracts were combined and 
concentrated on a rotary evaporator.  The crude product was purified by flash 
chromatography with 35:1 Hexanes/EtOAc to afford 1.6 g of a colorless oil in 96% yield. 
Analytical data for title compound: IR (thin film, cm-1) 2952, 2909, 2876, 1457, 1415, 1008, 
724; 1H NMR (400 MHz, CDCl3) δ 2.99 (ddd, J = 14.1 Hz, 12.6 Hz, 3.0 Hz, 2H), 2.68 (tt, J 
= 6.9 Hz, 1H), 2.41 (ddd, J = 14.0 Hz, 3.6 Hz, 3.6 Hz, 2H), 2.1-1.8 (m, 2H), 1.24 (d, J = 6.9 
Hz, 6H), 1.06 (t, J = 7.2 Hz, 9H), 0.83 (dq, J = 7.2 Hz, 1.8 Hz, 6H); 13C NMR (100 MHz, 
CDCl3) δ 45.6, 36.1, 24.7, 24.3, 21.2, 8.4, 4.6; TLC (25:1 Hexanes/EtOAc) Rf 0.48. Attempts 
to obtain acceptable combustion analysis were not successful. See Supporting Information of 
reference 14 for a 1H NMR spectrum. 
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H
SS
Me
Me
Me
SiEt3
SS
Me
Me
Me
1.) nBuLi
2.) ClSiEt3
 
 2-tert-Butyl-2-triethylsilyl-1,3-dithiane.  To a dry 100 mL round-bottom flask with a 
magnetic stir bar was added 0.87 g (4.9 mmol) of the dithiane. The dithiane was dissolved in 
THF (22 mL) and cooled to –30 °C.  n-Butyllithium (2.1 mL of a 2.5 M solution in hexanes, 
5.4 mmol, 1.1equiv) was added dropwise to the solution via syringe.  The reaction was 
stirred at –30 °C for 8 h, then cooled to –78 °C.  Triethylsilyl chloride (0.92 mL, 5.4 mmol, 
1.1 equiv) was added dropwise via syringe.  After 30 min, the reaction was warmed to 25 °C 
for 30 min, and quenched with 40 mL of saturated aqueous NH4Cl.  The aqueous layer was 
extracted with three 30 mL portions of Et2O.  The organic extracts were combined and 
concentrated on a rotary evaporator.  The crude product was purified by flash 
chromatography with 35:1 Hexanes/EtOAc to afford 1.3 g of a colorless oil in 88% yield. 
Analytical data for title compound: IR (thin film, cm-1) 2954, 2876, 2733, 1631, 1463, 1422, 
1387, 1360, 1272, 1097, 1005; 1H NMR (400 MHz, CDCl3) δ 2.81 (ddd, J = 13.6 Hz, 12.8 
Hz, 4.0 Hz, 2H), 2.47 (ddd, J = 13.2 Hz, 4.0 Hz, 4.0 Hz, 2H), 2.04 (dtt, J = 13.2 Hz, 4.0 Hz, 
4.0 Hz, 1H), 1.77 (dtt, J = 13.2 Hz, 12.8 Hz, 4.0 Hz, 1H), 1.19 (s, 9H), 1.02 (t, J = 7.6 Hz, 
9H), 0.88 (q, J = 7.6 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 47.5, 46.1, 29.8, 27.6, 23.4, 
9.1, 6.9; TLC (95:5 Hexanes/EtOAc) Rf 0.67. Attempts to obtain acceptable combustion 
analysis were not successful. See Supporting Information of reference 14 for a 1H NMR 
spectrum. 
 16
H
SS
1) nBuLi
2) ClSiEt3
SiEt3
SS
O O  
 2-(2-Furyl)-2-triethylsilyl-1,3-dithiane.The title compound was prepared according to 
General Procedure A using 0.88 g (4.7 mmol) of dithiane, 2.1 mL of n-BuLi (2.5 M in 
hexanes, 5.2 mmol), and 0.88 mL (5.2 mmol) of chlorotriethylsilane to yield 1.4 g (100%) of 
the silyl dithiane as a colorless oil after flash chromatography with 35:1 Hexanes/EtOAc. 
Analytical data for title compound: IR (thin film, cm-1) 3112, 2951, 2876, 1492, 1412, 1011, 
937, 812, 729; 1H NMR (400 MHz, CDCl3) δ 7.42 (dd , J = 2.0 Hz, 0.4 Hz, 1H), 6.43 (dd, J 
= 2.8 Hz, 0.4 Hz, 1H), 6.37 (dd, J = 3.2 Hz, 2.0 Hz, 1H), 2.93 (ddd, J = 13.6 Hz, 3.2 Hz, 3.2 
Hz, 2H), 2.44 (ddd, J = 13.6 Hz, 3.2 Hz, 3.2 Hz, 2H), 2.02-1.90 (m, 2H), 0.95 (t, J = 8.0 Hz, 
9H), 0.75 (q, J = 8.0 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 154.7 141.6, 110.9, 109.7, 
41.5, 25.8, 25.3, 7.6, 2.0; TLC (35:1 Hexanes/EtOAc) Rf 0.27. Anal. Calcd for C14H24OS2Si: 
C, 55.95; H, 8.05. Found: C, 56.12; H, 8.12. 
 General procedure (B) for the preparation of acylsilanes.21  A 250 mL round-bottom 
flask with a magnetic stir bar was charged with 5 mmol of silyldithiane, 10 mmol of mercuric 
chloride, 10 mmol of mercuric oxide, and 30 mL of a methanol/water solution (9:1).  The 
reaction mixture was refluxed for 4-5 h.  After cooling to 25 °C, the solids were removed by 
filtration.  The filtrate was extracted three times with pentane.  The organic extracts were 
combined, dried (MgSO4), and the solvent was evaporated to afford oily material that was 
purified by flash chromatography using the indicated eluent.  
                                                 
(21) Yamamoto, K.; Hayashi, A.; Suzuki, S.; Tsuji, J. Organometallics 1987, 6, 979-982. 
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SiEt3
SS
SiEt3
O
HgCl2/HgO
MeOH/H2O  
 Phenyl triethylsilyl ketone. The title compound was prepared according to General 
Procedure B, using 2.3 g (7.5 mmol) of the silyl dithiane, 5.2 g (19 mmol) of mercuric 
chloride, and 4.1 g (19 mmol) of mercuric oxide.  The crude product was purified by flash 
chromatography with 25:1 petroleum ether/ether to afford 1.6 g (96%) of the product as a 
yellow oil. Analytical data for title compound: IR (thin film, cm-1) 3062, 2955, 2876, 1613, 
1277, 1209, 769; 1H NMR (400 MHz, CDCl3) δ 7.85-7.76 (m, 2H), 7.58-7.42 (m, 3H), 1.05-
0.85 (m, 15H); 13C NMR (100 MHz, CDCl3) δ 236.1, 142.4, 132.6, 128.6, 127.1, 7.4, 3.6; 
TLC (25:1 petroleum ether/ether) Rf  0.32. Anal. Calcd for C13H20OSi: C, 70.85; H, 9.15. 
Found: C, 70.72; H, 9.13. 
SitBuMe2
SS HgCl2/HgO
MeOH/H2O
SitBuMe2
O
 
 Phenyl tert-butyldimethylsilyl ketone.  The title compound was prepared according to 
General Procedure B, using 3.6 g (12 mmol) of the silyl dithiane, 7.9 g (29 mmol) of 
mercuric chloride, and 6.3 g (29 mmol) of mercuric oxide.  The crude product was purified 
by flash chromatography with 99:1 petroleum ether/acetone to afford 2.1 g (82%) of the 
product as a yellow oil. Analytical data for title compound: IR (thin film, cm-1) 3062, 2955, 
2876, 1613, 1277, 1209, 769; 1H NMR (400 MHz, CDCl3) δ 7.80-7.74 (m, 2H), 7.52-7.49 
(m, 3H), 0.94 (s, 9H), 0.36 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 236.1, 142.4, 132.6, 
128.6, 127.1, 7.4, -5.5; TLC (96:4 petroleum ether/acetone) Rf  0.43. 
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SiEt3
SS
SiEt3
O
HgCl2/HgO
MeOH/H2O
Cl Cl  
 4-Chlorophenyl triethylsilyl ketone.  The title compound was prepared according to 
General Procedure B, using 1.3 g (3.7 mmol) of the silyl dithiane, 2.0 g (7.4 mmol) of 
mercuric chloride, and 1.6 g (7.4 mmol) of mercuric oxide.  The crude product was purified 
by flash chromatography with 37:1 petroleum ether/ether to afford 0.69 g (74%) of a yellow 
oil. Analytical data for title compound: IR (thin film, cm-1) 3062, 2956, 2876, 1615, 1583, 
1568, 1203, 1012, 834, 740; 1H NMR (400 MHz, CDCl3) δ 7.74 (dd, J = 8.7 Hz, 1.8 Hz, 
2H), 7.44 (dd, J = 8.7 Hz, 1.5 Hz, 2H), 1.03-0.84 (m, 15H); 13C NMR (100 MHz, CDCl3) δ 
234.6, 140.5, 139.0, 129.0, 128.5, 7.7, 3.6; TLC (37:1 petroleum ether/ether) Rf  0.2; Anal. 
Calcd for C13H19ClOSi: C, 61.27; H, 7.52. Found: C, 61.33; H, 7.61. 
SiEt3
SS
SiEt3
O
HgCl2/HgO
MeOH/H2O
O O  
 4-Methoxyphenyl triethylsilyl ketone.  The title compound was prepared according to 
General Procedure B, using 1.6 g (4.6 mmol) of the silyl dithiane, 2.6 g (9.5 mmol) of 
mercuric chloride, and 2.1 g (9.5 mmol) of mercuric oxide.  The crude product was purified 
by flash chromatography with 15:1 petroleum ether/ether to afford 2.1 g (90%) of a yellow 
oil.  Analytical data for title compound: IR (thin film, cm-1) 3007, 2954, 2911, 1584, 1570, 
1261, 1217, 1163, 1032, 837, 738; 1H NMR (400 MHz, CDCl3) δ 7.81 (dd, J = 8.7 Hz, 1.8 
Hz, 2H), 6.95 (dd, J = 8.7 Hz, 2.1 Hz, 2H), 3.86 (s, 3H), 1.03-0.84 (m, 15H); 13C NMR (100 
MHz, CDCl3) δ 233.0, 163.1, 136.3, 129.5, 113.7, 55.4, 7.5, 3.8; TLC (20:1 petroleum 
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ether/ether) Rf  0.16; Anal. Calcd for C14H22O2Si: C, 67.15; H, 8.86. Found: C, 67.42; H, 
9.03. 
SiEt3
SS HgCl2/HgO
MeOH/H2O
SiEt3
O
Me2N Me2N  
 4-N,N-Dimethylphenyl triethylsilyl ketone.  The title compound was prepared according 
to General Procedure B, using 1.4 g (4.0 mmol) of the silyl dithiane, 2.7 g (9.9 mmol) of 
mercuric chloride, and 2.1 g (9.9 mmol) of mercuric oxide.  The crude product was purified 
by flash chromatography with 95:5 petroleum ether/EtOAc to afford 0.62 g (54%) of the 
product as a yellow solid.  Analytical data for title compound: IR (CHCl3, cm-1) 2955, 2911, 
2876, 1611, 1569, 1540, 1534, 1370, 1315, 1239, 1230; 1H NMR (400 MHz, CDCl3) δ 7.75 
(d, J = 8.0 Hz, 2H), 6.64 (d, J = 8.0 Hz, 2H), 3.01 (s, 6H), 0.96 (t, J = 6.8 Hz, 9H), 0.85 (q, J 
= 6.8 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 232.1, 153.4, 132.4, 129.9, 110.9, 40.3, 7.8, 
4.2; TLC (95:5 petroleum ether/EtOAc) Rf  0.21. Anal. Calcd for C15H25NOSi: C, 68.38; H, 
9.56; N, 5.32. Found: C, 68.39; H, 9.31; N, 5.51. 
SiEt3
SS
SiEt3
OHgCl2/HgO
MeOH/H2OMe Me( )5 ( )5  
 Hexyl triethylsilyl ketone.  The title compound was prepared according to General 
Procedure B, using 1.5 g (4.6 mmol) of the silyl dithiane, 2.6 g (9.4 mmol) of mercuric 
chloride, and 2.0 g (9.4 mmol) of mercuric oxide.  The crude product was purified by flash 
chromatography with 25:1 hexanes/EtOAc to afford 0.82 mg (78%) of a colorless oil. 
Analytical data for title compound: IR (thin film, cm-1) 2955, 2935, 2875, 1641, 1466, 1458, 
1018, 735, 721; 1H NMR (400 MHz, CDCl3) δ 2.54 (t, J = 7.6 Hz, 2H), 1.45-1.55 (m, 2H), 
1.18-1.32 (m, 6H), 0.96 (t, J = 8.0 Hz, 9H), 0.86 (t, J = 6.8 Hz, 3H). 0.72 (q. J = 8.0 Hz, 6H); 
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13C NMR (100 MHz, CDCl3) δ 248.5, 50.2, 31.7, 29.0, 22.5, 21.8, 14.0, 7.3, 2.1; TLC (25:1 
hexanes/EtOAc) Rf 0.25; Anal. Calcd for C13H28OSi: C, 68.35; H, 12.35. Found: C, 68.41; 
H, 12.47. 
SiEt3
SS
SiEt3
O
HgCl2/HgO
MeOH/H2O
Me Me
Me Me  
 Isopropyl triethylsilyl ketone.  The title compound was prepared according to General 
Procedure B, using 1.5 g (5.5 mmol) of the silyl dithiane, 3.0 g (11 mmol) of mercuric 
chloride, and 2.4 g (11 mmol) of mercuric oxide.  The crude product was purified by flash 
chromatography with 25:1 hexanes/EtOAc to afford 0.74 g (73%) of a clear oil. Analytical 
data for title compound: IR (thin film, cm-1) 2958, 2877, 1637, 1465, 1019, 739, 726; 1H 
NMR (400 MHz, CDCl3) δ 2.88 (sep, J = 6.8 Hz, 1H), 0.97 (d, J = 6.8 Hz, 6H), 0.96 (t, J = 
6.8 Hz, 9H), 0.75 (q, J = 6.8 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 250.7, 45.6, 16.2, 7.3, 
2.6; TLC (20:1 hexanes/EtOAc) Rf 0.36; Anal. Calcd for C10H22OSi: C, 64.45; H, 11.90. 
Found: C, 64.67; H, 11.62. 
SiEt3
Me
Me
Me
SS HgCl2/HgO
MeOH/H2O
SiEt3
Me
Me
Me
O
 
 tert-Butyl triethylsilyl ketone.  The title compound was prepared according to General 
Procedure B, using 1.3 g (4.3 mmol) of the silyl dithiane, 2.3 g (8.6 mmol) of mercuric 
chloride, and 1.9 g (8.6 mmol) of mercuric oxide.  The crude product was purified by flash 
chromatography with 25:1 hexanes/EtOAc to afford 0.78 g (91%) of a colorless oil. 
Analytical data for title compound: IR (thin film, cm-1) 2960, 2877, 1630, 1475, 1415, 1362, 
1240, 1008, 940; 1H NMR (400 MHz, CDCl3) δ 1.05 (s, 9H), 0.95 (t, J = 7.6 Hz, 9H), 0.79 
(q, J = 7.6 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 250.1, 48.8, 24.7, 7.7, 4.0; TLC (20:1 
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hexanes/EtOAc) Rf 0.40; Anal. Calcd for C11H24OSi: C, 65.93; H, 12.07. Found: C, 66.30; 
H, 11.86. 
SiEt3
SS
SiEt3
OHgCl2/HgO
MeOH/H2OO O  
 2-Furyl triethylsilyl ketone.  The title compound was prepared according to General 
Procedure B, using 1.9 g (6.4 mmol) of the silyl dithiane, 3.5 g (13 mmol) of mercuric 
chloride, and 2.8 g (13 mmol) of mercuric oxide.  The crude product was purified by flash 
chromatography with 12:1 hexanes/EtOAc to afford 0.64 mg (47%) of a yellow oil.  
Analytical data for title compound: IR (thin film, cm-1) 3145, 3124, 2955, 2876, 1591, 1555, 
1454, 1381, 1239, 1010, 739; 1H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 1.6 Hz, 1H), 7.05 
(d, J = 3.6 Hz, 1H), 6.52 (dd, J = 3.6 Hz, 1.6 Hz, 1H), 0.84-1.03 (m, 15H); 13C NMR (100 
MHz, CDCl3) δ 221.5, 158.7, 145.8, 114.5, 112.0, 7.3, 2.4; TLC (15:1 hexanes/EtOAc) Rf 
0.2; Anal. Calcd for C11H18O2Si: C, 62.8; H, 8.63. Found: C, 63.13; H, 8.74. 
 General procedure (C) for the reaction of acylsilanes with cyanoformates. A dry 
round-bottom flask with a magnetic stir bar was charged with 0.3 mmol of acylsilane, a 
spatula tip of KCN, the indicated amounts of 18-crown-6 and the indicated solvent.  To the 
resulting mixture, the cyanoformate (1.2 equiv) was added via syringe.  The reaction was 
stirred at the indicated temperature under N2 until the starting material was consumed (TLC 
analysis).  The solvent was removed in vacuo and the reaction mixture was purified by flash 
chromatography, eluting with the indicated solvent system to afford the pure α-cyanosiloxy 
ester. 
 22
OSiEt3
+
NC
O
OEt
KCN/18-crown-6 (5 mol %)
Et2O, 25
oC OSiEt3
NC CO2Et
5a  
 Ethyl-2-cyano-2-phenyl-2-triethylsilyloxy acetate (5a, Table 2, entry 1).  The title 
compound was prepared according to General Procedure C using 0.10 g (0.46 mmol) of 
acylsilane, 51 µL (0.51 mmol) of ethyl cyanoformate, 6.6 mg (0.025 mmol) of 18-crown-6, 
and 10 mL of Et2O.  After 3-4 h at 25 °C, The crude product was purified by flash 
chromatography with 22:1 hexanes/EtOAc to afford 0.12 g (84%) of 5a as a colorless oil.  
Analytical data for title compound: IR (thin film, cm-1) 3067, 2959, 2878, 2242, 1764, 1746, 
1451, 1240, 1193, 1153, 1013, 734, 695; 1H NMR (400 MHz, CDCl3) δ 7.72-7.62 (m, 2H), 
7.46-7.36 (m, 3H), 4.26-4.13 (ABX, JAB = 10.8 Hz, JAX = 6.8 Hz, 2H), 1.24 (t, J = 6.8 Hz, 
3H), 0.99 (t, J = 7.6 Hz, 9H), 0.76 (q, J = 7.6 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 167.1, 
136.8, 129.6, 128.7, 125.4, 118.2, 74.8, 63.4, 13.8, 6.6, 5.2; TLC (20:1 hexanes/EtOAc) Rf  
0.33; Anal. Calcd for C17H25NO3Si: C, 63.91; H, 7.89; N, 4.38. Found: C, 64.09; H, 7.98; N, 
4.41. 
O
SiEt3
+
NC
O
OEt
KCN/18-crown-6 (5mol%)
Et2O, 25
 oC OSiEt3
Cl Cl
NC CO2Et
5b  
 Ethyl-2-(4-chlorophenyl)-2-cyano-2-triethylsilyloxy acetate (5b, Table 2, entry 2).  
The title compound was prepared according to General Procedure C using 52 mg (0.25 
mmol) of acylsilane, 25 µL (0.25 mmol) of ethyl cyanoformate, 3.0 mg (0.011 mmol) of 18-
crown-6, and 5 mL of Et2O.  After 30 min at 25 °C, the crude product was purified by flash 
chromatography with 30:1 hexanes/EtOAc to afford 65 mg (74%) of 5b as a colorless oil.  
Analytical data for title compound: IR (thin film, cm-1) 3153, 3125, 2959, 2879, 2244, 1771, 
1751, 1463, 1232, 1158, 1141, 1018, 747; 1H NMR (400 MHz, CDCl3) δ 7.61 (m, J = 8.7 
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Hz, 2.1 Hz, 2H), 7.39 (m, J = 8.7 Hz, 2.1 Hz, 2H), 4.23 (ABX, JAB = 10.8 Hz, JAX = 7.2 Hz, 
2H), 1.25 (t, J = 7.2 Hz, 3H), 0.99 (t, J = 8.1 Hz, 9H), 0.77 (q, J = 8.1 Hz, 6H); 13C NMR 
(100 MHz, CDCl3) δ 166.7, 135.8, 135.4, 128.9, 126.9, 117.9, 74.3, 63.6, 13.8, 6.6, 5.2; TLC 
(30:1 hexanes/EtOAc) Rf 0.2; Anal. Calcd for C17H24ClNO3Si: C, 57.69; H, 6.84; N, 3.96. 
Found: C, 57.93; H, 6.95; N, 4.01. 
SiEt3
O
NC OEt
O
+ KCN/18-crown-6 (5 mol %)
C7H8, 110
 oC
OSiEt3
CO2EtNC
MeO MeO 5c  
 Ethyl-2-cyano-2-(4-methoxyphenyl)-2-triethylsilyloxy acetate (5c, Table 2, entry 4).  
The title compound was prepared according to General Procedure C using 30 mg (0.12 
mmol) of acylsilane, 13 µL (0.13 mmol) of ethyl cyanoformate, 1.6 mg (0.0060 mmol) of 18-
crown-6, and 5 mL of toluene.  After 12 h at 110 °C, the crude product was purified by flash 
chromatography with 95:5 hexanes/EtOAc to afford 40 mg (95%) of 5c as a colorless oil.  
Analytical data for title compound: IR (thin film, cm-1) 2959, 2913, 2879, 2840, 2242, 1763, 
1744, 1609, 1584, 1511, 1464, 1444, 1306, 1255, 1176, 1152, 1115, 1018; 1H NMR (400 
MHz, CDCl3) δ  7.60-7.57 (d, J = 9.0 Hz, 2H), 6.93-6.91 (d, J = 9.0 Hz, 2H), 4.32-4.12 (m, 
2H), 3.83 (s, 3 H), 1.25 (t, J = 7.2 Hz, 3 H), 0.98 (t, J = 7.8 Hz, 9H), 0.78 (q, J = 7.8 Hz, 6H); 
13C NMR (100 MHz, CDCl3) δ  167.2, 160.5, 128.8, 126.8, 118.3, 114.0, 74.5, 63.3, 55.3, 
13.8, 6.6, 5.5; TLC (95:5 hexanes/EtOAc) Rf 0.23; Anal. Calcd for C18H27NO4Si: C, 61.86; 
H, 7.79; N, 4.01. Found: C, 62.15; H, 8.01; N, 4.00. 
SiEt3
O
NC OEt
O
+ KCN/18-crown-6 (5 mol %)
C7H8, 110
 oC
OSiEt3
CO2EtNC
Me2N M 2N 5de  
 Ethyl-2-cyano-2-(4-N,N-dimethylphenyl)-2-triethylsiloxy acetate (5d, Table 2, entry 
5).  The title compound was prepared according to General Procedure C using 30 mg (0.11 
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mmol) of acylsilane, 12 µL (0.13 mmol) of ethyl cyanoformate, 1.5 mg (0.0060 mmol) of 18-
crown-6, and 5 mL of toluene.  After 12 h at 110 °C, the crude product was purified by flash 
chromatography with 9:1 hexanes/EtOAc to afford 44 mg (100%) of 5d as a colorless oil.  
Analytical data for title compound: IR (thin film, cm-1) 2957, 2878, 2810, 2238, 1761, 1742, 
1612, 1523, 1446, 1362, 1237, 1168, 1127, 1051, 1018; 1H NMR (400 MHz, CDCl3) δ 7.49 
(d, J = 9.0 Hz, 2H), 6.70 (d, J = 9.0 Hz, 2H), 4.29-4.16 (ABX, JAB = 10.8 Hz, JAX = 7.2 Hz, 
2H), 2.99 (s, 6H), 1.26 (t, J = 7.2 Hz, 3H), 0.99 (t, J = 8.1 Hz, 9H), 0.76 (q, J = 8.1 Hz, 6H); 
13C NMR (100 MHz, CDCl3) δ 167.7, 151.3, 126.7, 118.8, 112.0, 75.0, 63.3, 40.5, 14.0, 7.0, 
5.5; TLC (2:3 hexanes/MeOCMe3) Rf  0.46; Attempts to obtain acceptable combustion 
analysis were not successful. See Supporting Information of reference 14 for a 1H NMR 
spectrum. 
Me
SiEt3
O
Me
OSiEt3
CO2EtNCKCN/18-crown-6 (60 mol %)
Et2O, 25
 oC( )5 ( )5
5e  
 Ethyl-2-cyano-2-triethylsilyloxyoctanoate (5e, Table 2, entry 6).  To a dry 25 mL 
round bottom flask with a magnetic stir bar was added the acylsilane (0.10 g, 0.44 mmol) and 
18 mL of Et2O.  To a dry 50 mL round bottom flask was added a spatula tip of KCN, 70 mg 
(0.26 mmol) of 18-crown-6, 0.17 mL (1.8 mmol) of ethyl cyanoformate, and 4 mL of Et2O.  
The acylsilane solution was added slowly via cannula to the flask containing the 
cyanoformate over the course of 1.5 h with vigorous stirring.  The solvent was then removed 
in vacuo and the crude product was purified by flash chromatography (96:4 petroleum 
ether/MeOCMe3) to yield 0.11 g (73%) of 5e as a colorless oil. Analytical data for title 
compound: IR (thin film, cm-1) 2959, 2936, 2878, 2242, 1763, 1458, 1415, 1380, 1248, 
1167, 1018; 1H NMR (400 MHz, CDCl3) δ 4.35-4.24 (ABX, JAB = 10.8 Hz, JAX = 7.2 Hz, 
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2H), 1.96 (ddd, J = 6.8 Hz, 6.8 Hz, 2.0 Hz, 2H), 1.50-1.44 (m, 2H), 1.34 (t, J =7.2 Hz, 3H), 
1.22-1.36 (m, 6H), 0.98 (t, J = 8.0 Hz, 9H), 0.88 (t, J = 6.8 Hz, 3 H), 0.80-0.65 (m, 6H); 13C 
NMR (100 MHz, CDCl3) δ 168.1, 118.5, 73.4, 63.0, 40.8, 31.4, 29.7, 28.7, 23.5, 22.5, 14.0, 
13.9, 6.6, 5.2; TLC (9:1 hexanes/MeOCMe3) Rf  0.54; Anal. Calcd for C17H33NO3Si: C, 
62.34; H, 10.16; N, 4.28. Found: C, 62.50; H, 10.16; N, 4.26. 
SiEt3
Me
Me
O
KCN/18-crown-6 (60 mol %)
Et2O, 25
 oC
OSiEt3
Me
Me
NC CO2Et
5f  
 Ethyl-2-cyano-3-methyl-2-triethylsilyloxy butanoate (5f, Table 2, entry 7).  To a dry 
10 mL round bottom flask with a magnetic stir bar was added the acylsilane (30 mg, 0.16 
mmol) and 8 mL of Et2O.  To a dry 25 mL round bottom flask was added a spatula tip of 
KCN, 25 mg (0.096 mmol) of 18-crown-6, 63 µL (0.64 mmol) of ethyl cyanoformate, and 2 
mL of Et2O.  The acylsilane mixture was added slowly via cannula to the flask containing the 
cyanoformate over the course of 1.5 h with vigorous stirring.  The solvent was then removed 
in vacuo and the crude product was purified by flash chromatography (98.5:2.5 petroleum 
ether/EtOAc) to yield 26 mg (58%) of 5f as a colorless oil. Analytical data for title 
compound: IR (thin film, cm-1) 2961, 2879, 2238, 1763, 1467, 1251, 1168, 1137, 1082, 
1019; 1H NMR (400 MHz, CDCl3) δ  4.34-4.27 (ABX, JAX = 7.2 Hz, JAB = 0.6 Hz, 2H), 2.28 
(sep, J = 6.9 Hz, 1H), 1.35 (t, J = 7.2 Hz, 3H), 1.08 (d, J = 6.9 Hz, 3H), 1.02 (d, J = 6.9 Hz, 
3H), 0.99 (t, J = 8.1 Hz, 9H), 0.78-0.68 (m, 6H); 13C NMR (100 MHz, CDCl3) δ  168.2, 
118.2, 77.7, 63.1, 38.4, 17.2, 16.4, 14.3, 6.9, 5.4; TLC (95:5 hexanes/MeOCMe3) Rf  0.37; 
Attempts to obtain acceptable combustion analysis were not successful. See Supporting 
Information of reference 14 for a 1H NMR spectrum. 
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SiEt3
Me
Me
Me
O
KCN/18-crown-6 (60 mol %)
Et2O, 25
 oC
OSiEt3
Me
Me
Me
NC CO2Et
5g  
 Ethyl-2-cyano-3,3-dimethyl-2-triethylsilyloxy butanoate (5g, Table 2, entry 8).  The 
title compound was prepared according to General Procedure C using 50 mg (0.25 mmol) of 
acylsilane, 99 µL (1.0 mmol) of ethyl cyanoformate, 40 mg (0.15 mmol) of 18-crown-6, and 
8 mL of Et2O.  After 3-4 h at 25 °C, the crude product was purified by flash chromatography 
with 98.5:2.5 hexanes/EtOAc to afford 38 mg (51%) of 5g as a colorless oil.  Analytical data 
for title compound: IR (thin film, cm-1) 2962, 2879, 2238, 1758, 1743, 1466, 1400, 1367, 
1262, 1210, 1149, 1074, 1018; 1H NMR (400 MHz, CDCl3) δ 4.23-4.38 (ABX, JAB = 10.8, 
JAX = 7.2 Hz, 2H), 1.36 (t, J = 7.2 Hz, 3H), 1.10 (s, 9H), 0.99 (t, 9H), 0.63-0.83 (m, 6H); 13C 
NMR (100 MHz, CDCl3) δ 167.5, 118.5, 80.5, 62.8, 40.8, 25.1, 14.3, 6.9, 5.3; TLC (95:5 
hexanes/EtOAc) Rf  0.37; Anal. Calcd for C15H29NO3Si: C, 60.16; H, 9.76; N, 4.68. Found: 
C, 59.94; H, 9.74; N, 4.26. 
O
SiEt3
+
NC
O
OEt
KCN/18-crown-6 (5mol%)
OSiEt3
O O
C7H8, 110
 oC
NC CO2Et
5h  
 Ethyl-2-cyano-2-(2-furyl)-2-triethylsilyloxy acetate (5h, Table 2, entry 9).  The title 
compound was prepared according to General Procedure C using 47 mg (0.22 mmol) of 
acylsilane, 25 µL (0.25 mmol) of ethyl cyanoformate, 3.5 mg (0.011 mmol) of 18-crown-6, 
and 5 mL of C7H8.  After 4-5 h at 110 °C, the crude product was purified by flash 
chromatography with 15:1 hexanes/EtOAc to afford 50 mg (73%) of 5h as a clear oil.  
Analytical data for title compound: IR (thin film, cm-1) 3149, 3127, 2959, 2879, 2244, 1772, 
1751, 1460, 1233, 1159, 1142, 1014, 747; 1H NMR (400 MHz, CDCl3) δ 7.45 (d, J = 1.8 Hz, 
1H), 6.63 (d, J = 3.3, 1H), 6.42 (dd, J = 3.6 Hz, 1.8 Hz, 1H), 4.32 (ABX, JAB = 10.8 Hz, JAX 
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= 7.2 Hz, 2H), 1.30 (t, J = 7.2 Hz, 3H), 0.95 (t, J = 7.8 Hz, 9H), 0.64 (q, J = 7.8 Hz, 6H); 13C 
NMR (100 MHz, CDCl3) δ 164.8, 147.9, 144.0, 116.4, 111.0, 110.4, 70.0, 63.7, 13.8, 6.5, 
4.9; TLC (15:1 hexanes/EtOAc) Rf 0.25; Anal. Calcd for C15H23NO4Si: C, 58.22; H, 7.49; N, 
4.53. Found: C, 58.52; H, 7.58; N, 4.51. 
Sit BuMe2
O
NC OEt
O
+ KCN/18-crown-6 (5 mol %)
Et2O, 25
 oC
OSit BuMe2
CO2EtNC
5i  
 Ethyl-2-tert-butyldimethylsilyloxy-2-cyano-2-phenyl acetate (5i, Table 3, entry 1).  
The title compound was prepared according to General Procedure C using 30 mg (0.14 
mmol) of acylsilane, 15 µL (0.15 mmol) of ethyl cyanoformate, 2.0 mg (0.0075 mmol) of 18-
crown-6, and 5 mL of Et2O.  After 1-2 h at 25 °C, the crude product was purified by flash 
chromatography with 95:5 hexanes/EtOAc to afford 41 mg (96%) of 5i as a colorless oil.  
Analytical data for title compound: IR (thin film, cm-1) 3070, 2958, 2897, 2859, 2257, 1764, 
1599, 1472, 1255, 1150, 844, 784, 734; 1H NMR (400 MHz, CDCl3) δ 7.65-7.63 (m, 2H), 
7.41-7.36 (m, 3H), 4.23-4.14 (ABX, JAB = 10.4 Hz, JAX = 7.2 Hz, 2H), 1.22 (t, J = 7.2 Hz, 
3H), 0.97 (s, 9H), 0.26 (s, 3H), 0.16 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 167.4, 137.0, 
129.9, 129.0, 125.7, 118.4, 75.4, 63.7, 25.9, 18.7, 14.0, -3.9, -4.1; TLC (95:5 
hexanes/EtOAc) Rf 0.36; Anal. Calcd for C17H25NO3Si: C, 63.91; H, 7.89; N, 4.38. Found: C, 
63.72; H, 7.95; N, 4.36. 
Sit BuMe2
O
NC OBn
O
+ KCN/18-crown-6 (5 mol %)
Et2O, 25
 oC
OSit BuMe2
CO2BnNC
5j  
 Benzyl-2-tert-butyldimethylsilyloxy-2-cyano-phenyl acetate (5j, Table 3, entry 2).  
The title compound was prepared according to General Procedure C using 30 mg (0.14 
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mmol) of acylsilane, 24 mg (0.15 mmol) of benzyl cyanoformate,22 2.0 mg (0.0075 mmol) of 
18-crown-6, and 5 mL of Et2O.  After 1-2 h at 25 °C, the crude product was purified by flash 
chromatography with 95:5 hexanes/EtOAc to afford 46 mg (88%) of 5j as a clear oil.  
Analytical data for title compound: IR (thin film, cm-1) 3067, 3036, 2957, 2930, 2858, 2241, 
1767, 1588, 1472, 1258, 1148; 1H NMR (400 MHz, CDCl3) δ  7.67-7.61 (m, 2H), 7.40-7.34 
(m, 3H), 7.31-7.25 (m, 3H), 7.20-7.16 (m, 2H), 5.18 (s, 2H), 0.94 (s, 9H), 0.22 (s, 3H), 
0.14(s, 3H); 13C NMR (100 MHz, CDCl3) δ  167.1, 136.9, 134.6, 129.9, 129.0, 128.9, 128.8, 
128.3, 125.8, 118.2, 75.8, 69.0, 25.8, 25.8, 18.6, -3.9, -4.2; TLC (95:5 hexanes/EtOAc) Rf  
0.35; Attempts to obtain acceptable combustion analysis were not successful. See Supporting 
Information of reference 14 for a 1H NMR spectrum. 
Sit BuMe2
O
NC OtBu
O
+ KCN/18-crown-6 (5 mol %)
Et2O, 25
 oC
OSit BuMe2
CO2
tBuNC
5k  
 tert-Butyl-2-tert-butyldimethylsilyloxy-2-cyano-2-phenyl acetate (5k, Table 3, entry 
3).  The title compound was prepared according to General Procedure C using 30 mg (0.14 
mmol) of acylsilane, 19 mg (0.15 mmol) of tert-butyl cyanoformate,23 2.0 mg (0.0075 mmol) 
of 18-crown-6, and 5 mL of Et2O.  After 1-2 h at 25 °C, the crude product was purified by 
flash chromatography with 95:5 hexanes/EtOAc to afford 45 mg (91%) of 5k as a colorless 
oil.  Analytical data for title compound: IR (thin film, cm-1) 3072, 2958, 2931, 2859, 2245, 
1760, 1600, 1473, 1371, 1256, 1147, 838; 1H NMR (400 MHz, CDCl3) δ  7.66-7.59 (m, 2H), 
7.39-7.31 (m, 3H), 1.39 (s, 9H), 0.99 (s, 9H), 0.29 (s, 3H), 0.18 (s, 3H); 13C NMR (100 
MHz, CDCl3) δ  166.0, 137.4, 129.6, 128.8, 125.6, 118.7, 84.9, 75.3, 27.7, 25.9, 18.7, -3.7, -
                                                 
(22) Childs, M. E.; Weber, W. P. J. Org. Chem. 1976, 41, 3486-3587. 
 
(23) Carpino, L. A. J. Am. Chem. Soc. 1960, 82, 2725-2727. 
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4.1; TLC (95:5 hexanes/EtOAc) Rf  0.36; Anal. Calcd for C19H29NO3Si: C, 65.67; H, 8.41; N, 
4.03. Found: C, 65.51; H, 8.42; N, 4.02. 
SiEt3
O
NC OBn
O
+
KCN/18-crown-6 (5 mol %)
Et2O, 25
 oC
OSiEt3
CO2BnNC
5l  
 Benzyl-2-cyano-2-phenyl-2-triethylsilyloxy acetate (5l, Table 3, entry 5).  The title 
compound was prepared according to General Procedure C using 30 mg (0.14 mmol) of 
acylsilane, 24 mg (0.15 mmol) of benzyl cyanoformate, 2.0 mg (0.0075 mmol) of 18-crown-
6, and 5 mL of Et2O.  After 1-2 h at 25 °C, the crude product was purified by flash 
chromatography with 95:5 hexanes/EtOAc to afford 44 mg (84%) of 5l as a colorless oil.  
Analytical data for title compound: IR (thin film, cm-1) 3067, 3035, 2958, 2878, 2245, 1766, 
1588, 1451, 1241, 1152, 1003, 835; 1H NMR (400 MHz, CDCl3) δ  7.63-7.61 (m, 2H), 7.38-
7.35 (m, 3H), 7.29-7.26 (m, 3H), 7.19-7.17 (m, 2H), 5.17 (s, 2H), 0.93 (t, J = 7.6 Hz, 9H), 
0.70 (q, J = 7.6 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ  167.1, 134.5, 129.9, 128.9, 128.8, 
128.7, 128.2, 125.7, 118.3, 75.1, 68.9, 6.8, 5.4; TLC (95:5 hexanes/EtOAc) Rf  0.35; Anal. 
Calcd for C22H27NO3Si: C, 69.25; H, 7.13; N, 3.67. Found: C, 69.37; H, 7.28; N, 3.60. 
SiEt3
O
NC OtBu
O
+
KCN/18-crown-6 (5 mol %)
Et2O, 25
 oC
OSiEt3
CO2
tBuNC
5m  
 tert-Butyl-2-cyano-2-phenyl-2-triethylsiloxy acetate (5m, Table 3, entry 6).  The title 
compound was prepared according to General Procedure C using 30 mg (0.14 mmol) of 
acylsilane, 19 mg (0.15 mmol) of tert-butyl cyanoformate, 2.0 mg (0.0075 mmol) of 18-
crown-6, and 5 mL of Et2O.  After 1-2 h at 25 °C, the crude product was purified by flash 
chromatography with 95:5 hexanes/EtOAc to afford 37 mg (74%) of 5m as a colorless oil.  
Analytical data for title compound: IR (thin film, cm-1) 3066, 2959, 2879, 2242, 1761, 1599, 
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1451, 1371, 1256, 1148, 1011, 733; 1H NMR (300 MHz, CDCl3) δ  7.70-7.62 (m, 2H), 7.42-
7.37 (m, 3H), 1.41 (s, 9H), 1.01 (t, J = 7.2 Hz, 9H), 0.75 (q, J = 7.2 Hz, 6H); 13C NMR (100 
MHz, CDCl3) δ  166.0, 137.4, 129.6, 128.8, 125.5, 118.8, 84.9, 75.3, 27.7, 6.9, 5.5; TLC 
(95:5 hexanes/EtOAc) Rf  0.28; Attempts to obtain acceptable combustion analysis were not 
successful. See Supporting Information of reference 14 for a 1H NMR spectrum. 
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CHAPTER 2 
CATALYTIC ENANTIOSELECTIVE ACYLATION OF 
(SILYLOXY)NITRILE ANIONS  
2.1  Introduction 
 Anions of protected cyanohydrins (2) are useful intermediates in the formation of new 
carbon-carbon bonds.1  Seminal work from Stork and Maldonado established the feasibility 
of accessing anion 2 through deprotonation of a suitably protected cyanohydrin (1) with 
stoichiometric quantities of a strong base such as lithium diisopropylamide (Scheme 2-1).2  
That work, and later contributions from Hünig and co-workers, showed that intermediate 2 
can be intercepted by a variety of electrophiles to yield new ketone products after 
deprotection and retro-cyanation.3,4  Intermediate 2 serves as an acyl anion equivalent in this 
context; however, preservation of the newly-functionalized cyanocarbinol derivative (3) 
gives rise to chiral compounds that may be regarded formally as products of ketone 
cyanation.
                                                 
(1) Albright, J. D. Tetrahedron 1983, 39, 3207-3233. 
(2) Stork, G.; Maldonado, L. J. Am. Chem. Soc. 1971, 93, 5286-5287. 
(3) Stork, G.; Maldonado, L. J. Am. Chem. Soc. 1974, 96, 5272-5274. 
(4) (a) Deuchert, K.; Hertenstein, U.; Hünig, S. Synthesis 1973, 777-779. (b) Hünig, S.; Wehner, G. Synthesis 
1975, 180-182. (c) Hünig, S.; Wehner, G. Synthesis 1975, 391-392. 
Scheme 2-1.  Protected Cyanohydrin Functionalization and Hydrolysis to Ketones 
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 Little is known about stereocontrolled versions of these reactions (2 → 3).5  Schrader has 
shown that when 1 bears a chiral ephedrine-based O-phosphate auxiliary, alkylation reactions 
may be achieved with high diastereoselectivity.6  Cativiela and co-workers developed a 
diastereoselective methylation of an α-acetoxycyanoacetate derivative controlled by an 
isoborneol-derived chiral auxiliary to access an analogous product.7 Catalytic asymmetric 
reactions proceeding via intermediates resembling 2 are rare.8  
 One barrier to asymmetric catalysis is the apparent requirement of one equivalent of a 
strong base to generate the key carbanionic species.  An alternative method of generating 
anions of protected cyanohydrins can be realized through the use of acylsilanes (4).9  
Nucleophilic addition of a metal cyanide to an acylsilane can initiate a carbon-to-oxygen silyl 
                                                 
(5) Analogous reactions of lithiated (amino)nitriles have been developed extensively by Enders.  For an 
excellent review, see: Enders, D.; Shilvock, J. P. Chem. Soc. Rev. 2000, 29, 359-373. 
(6) Schrader, T. Chem. Eur. J. 1997, 3, 1273-1282. 
(7) Cativiela, C.; Diaz-de-Villegas, M. D.; Gálvez, J. A. Tetrahedron 1996, 52, 687-694. 
(8) Castells, J.; Duñach, E. Chem. Lett. 1984, 1859-1860. 
(9) Moser, W. H. Tetrahedron 2001, 57, 2065-2084. 
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migration (Brook rearrangement)10 that generates a carbanion analogous to 2.  Takeda, 
Reich, and Degl’Innocenti have effectively utilized this in situ method to achieve alkylation, 
enone acylation, and β-elimination reactions of the derived (silyloxy)nitrile anions.11,12  
Scheme 2-2. Tandem Cyanation/[1,2]-Brook Rearrangement/C-Acylation Reaction of 
Acylsilanes (4) 
R' SiR3
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R' SiR3
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 In the previous chapter we employed a Brook rearrangement strategy in a tandem 
cyanation/C-acylation reaction between acylsilanes and cyanoformate esters catalyzed by 
KCN/18-crown-6.13  The reactions yielded a variety of aryl and alkyl α-cyano-α-silyloxy 
esters (8) and a catalytic cycle involving acylation of the (silyloxy)nitrile intermediate 6 by a 
cyanoformate (7) was proposed (Scheme 2-2).14   The reactions are rendered catalytic by 
virtue of ¯CN expulsion in the C-acylation event.  Access to enantiomerically enriched 
                                                 
(10) Brook, A. G. Acc. Chem. Res. 1974, 7, 77-84. 
(11) (a) Takeda, K.; Ohnishi, Y. Tetrahedron Lett. 2000, 41, 4169-4172.  (b) Reich, H. J.; Holtan, R. C.; Bolm, 
C. J. Am. Chem. Soc. 1990, 112, 5609-5617.  (c) Degl'Innocenti, A.; Ricci, A.; Mordini, A.; Reginato, G.; 
Colotta, V. Gazz. Chim. Ital. 1987, 117, 645-648. 
(12) Linghu, X.; Johnson, J. S. Angew. Chem. Int. Ed. 2003, 42, 2534-2536. 
(13) Linghu, X.; Nicewicz, D. A.; Johnson, J. S. Org. Lett. 2002, 4, 2957-2960. 
(14) (a) Mander, L. N.; Sethi, S. P. Tetrahedron Lett. 1983, 24, 5425-5428.  (b) Crabtree, S. R.; Mander, L. N.; 
Sethi, S. P. Org. Syn. 1991, 70, 256-264.  (c) Babler, J. H.; Marcuccilli, C. J.; Oblong, J. E. Synth. 
Commun. 1990, 20, 1831-1836.  (d) Hünig, S.; Wehner, G. Chem. Ber. 1980, 113, 302-323. 
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silylcarbinol 8 could provide expedient syntheses for a number of new nonracemic 3,3-
disubstituted β-lactams and unnatural α-hydroxy-β-amino acids.  Previously reported 
approaches to 8 typically involved the Lewis acid- or Lewis base-promoted additions of 
silylcyanide reagents to α-ketoesters (R’ = alkyl).15,16   While enantioselective additions of 
TMSCN to ketones are common,17 to the best of our knowledge there are no reported 
examples of enantioselective α-ketoester cyanation.  Additionally, aromatic α-ketoester 
cyanosilylation will be extremely challenging with sterically undemanding silyl groups (e.g. 
TMSCN) due to retrocyanation tendencies of the derived products.13 
 As a mechanistic alternative to asymmetric α-ketoester cyanation, we speculated that it 
might be possible to control the absolute stereochemical course of the acylation reaction (6 
→ 8) through judicious selection of the metal counterion.  This chapter describes the 
successful development of new enantioselective cyanation/Brook rearrangement/C-acylation 
reactions of acylsilanes mediated by (salen)aluminum alkoxides (Scheme 2-3).  These 
represent, to the best of our knowledge, the first catalytic asymmetric reactions of protected 
Scheme 2-3.  Catalytic Enantioselective Cyanation/[1,2]-Brook Rearrangement/Acylation 
Reactions 
R' SiR3
O
NC OR''
O
+
R' CO2R''
NC OSiEt3
 4 7 8
(salen)Al–OR
catalyst   
                                                 
(15) Wilkinson, H. S.; Grover, P. T.; Vandenbossche, C. P.; Bakale, R. P.; Bhongle, N. N.; Wald, S. A.; 
Senanayake, C. H. Org. Lett. 2001, 3, 553-556. 
(16) Foley, L. H. Synth. Commun. 1984, 14, 1291-1297. 
(17) (a) Belokon, Y. N.; Green, B.; Ikonnikov, N. S.; North, M.; Tararov, V. I. Tetrahedron Lett. 1999, 40, 
8147-8150.  (b) Hamashima, Y.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2000, 122, 7412-7413.  (c) 
Deng, H.; Isler, M. P.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2002, 41, 1009-1012.  (d) 
Tian, S.-K.; Deng, L. J. Am. Chem. Soc. 2001, 123, 6195-6196. (e) Tian, S.-K.; Hong, R.; Deng, L. J. Am. 
Chem. Soc. 2003, 125, 9900-9901. 
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cyanohydrin anions.18 
2.2  Results 
 In an attempt to render the title reaction enantioselective, we chose to investigate a variety 
of chiral metal cyanide sources.  We expected that such complexes might be conveniently 
prepared from the two-step sequence depicted in Scheme 2-4.  Exchange between a chiral 
diol and metal alkoxide should result in the loss of two equivalents of alcohol and formation 
of a new alkoxide (10).  Upon treatment with the appropriate amount of TMSCN, metal 
cyanide 11 is the expected product.  Cyanation of an acylsilane by complex 11 could in 
principle initiate a 1,2-Brook rearrangement and thereby lead to the desired chiral metal 
anion intermediate 6 (Scheme 2-2).  Effective chirality transfer from the ligand in the 
acylation step is essential for high levels of stereoselectivity.  Salicylimine (salen) ligands 
were judged promising candidates for two reasons: 1) ease of structural modification of the 
diamine backbone and aryl substituents for evaluation of steric and electronic factors; and 2) 
precedent for the use of (salen)metal complexes as catalysts involving delivery of cyanide.19  
Scheme 2-4.  Generation of Chiral Metal Cyanide Complexes 
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(18) (a) Nicewicz, D. A., Yates, C. M., Johnson, J. S. Angew. Chem. Int. Ed. Engl. 2004, 43, 2652-2655. (b) 
Nicewicz, D. A., Yates, C. M., Johnson, J. S. J. Org. Chem. 2004, 69, 6458-6555. 
(19) (a) Sigman, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 1998, 120, 5315-5316. (b) Sammis, G. M.; Jacobsen, 
E. N. J. Am. Chem. Soc. 2003, 125, 4442-4443. (c) Taylor, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 2003, 
125, 11204-11205.  (d) Belokon, Y. N.; Caveda-Cepas, S.; Green, B.; Ikonnikov, N. S.; Khrustalev, V. N.; 
Larichev, V. S.; Moscalenko, M. A.; North, M.; Orizu, C.; Tararov, V. I.; Tasinazzo, M.; Timofeeva, G. I.; 
Yashkina, L. V. J. Am. Chem. Soc. 1999, 121, 3968-3973.  (e) Jiang, Y.; Gong, L.; Feng, X.; Hu, W.; Pan, 
W.; Li, Z.; Mi, A. Tetrahedron 1997, 53, 14327-14338. 
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2.2.1  Catalyst Development.  
 Given the numerous metal alkoxides and salen ligands available, we presumed that a 
screen of several different metals and ligands would be the most expeditious method for 
catalyst determination.  Eight metal alkoxides (Al(OiPr)3, Er(OiPr)3, Sm5O(OiPr)13, 
Ti(OMe)4, Ti(OiPr)4, Y5O(OiPr)13, Yb(OiPr)3, Zr(OiPr)4) were employed in conjunction with 
twelve common chiral ligands (12-23, Figure 2-1) to give 96 individual metal complexes to 
be examined for reactivity and enantioselectivity in the title reaction.  Individual complexes 
were prepared by mixing equimolar amounts of the ligand and metal alkoxide in toluene for 
30 min.  The solvent along with the alcohol generated was then removed under reduced 
pressure.  A solution of benzoyl triethylsilane (1.0 equiv), benzyl cyanoformate (4.0 equiv), 
and TMSCN (0.8 equiv) in toluene was then added to the preformed (salen)M(OR)n complex 
(0.4 equiv) and allowed to react for 72 hours.  
 The results from the catalyst screen are depicted in Figure 2-1.  Lanthanide alkoxide 
complexes (Er, Sm, Y, Yb) were generally reactive, however gave only low levels of 
enantioselectivity (0-26% ee).  Zr(OiPr)4 catalysts were not selective, with the exception of 
the complex with ligand 14 which otherwise rendered the Zr series ineffective.  Catalysts 
derived from Ti(OiPr)4 and Ti(OMe)4 provided good reactivity and moderate 
enantioselectivity with most of the ligands tested (Ti(OiPr)4 and 20 gave 58% ee).  
Aluminum alkoxides gave the most promising results, displaying good to excellent 
selectivity (80% ee with 15, 20; 92% ee with 21), albeit with only small amounts of product 
formation.  Jacobsen has recently reported a highly enantioselective conjugate addition 
reaction of TMSCN to α,β-unsaturated imides catalyzed by in situ-generated (salen)Al(CN)  
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Figure 2-1.  Catalyst Evaluation for Enantioselective Cyanation/Brook Rearrangement/C-
Acylation of Acylsilanesa,b 
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a) PhC(O)SiEt3 (1.0 equiv), NCCO2Bn (4.0 equiv), C7H8 (0.025 M) for 72 h.  b) Enantioselectivities 
determined by CSP-SFC analysis. 
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complexes.20  When this information was considered in the context of the catalyst screen, 
(salen)Al(OiPr) complexes were selected for further evaluation and optimization. 
 Initial attempts to reproduce the results from the catalyst screen proved problematic.  Only 
trace product formation (<10%) after several days could be attained using any of the 
(salen)aluminum catalysts prepared by the initial screening protocol.  Variable amounts of a 
cyanohydrin byproduct (1, R’ = SiEt3) were also obtained.  Monitoring the complexation of 
Al(OiPr)3 with 15 by 1H NMR spectroscopy revealed that catalyst formation was negligible 
at 25 °C.  Complete complexation between the corresponding salen ligand and Al(OiPr)3 
required three days at 80 °C in toluene,21 in contrast with the complexation conditions that 
were employed in the catalyst screen (25 °C for 30 min).  Cyanohydrin formation was 
attributed to small quantities of adventitious water leeching into the reaction over the long 
reaction times.  To circumvent this problem, the reactions were carried out in sealed tubes.  
With this protocol, reactivity was significantly enhanced: the complex derived from 
Al(OiPr)3 and 15 in conjunction with TMSCN (40 mol %) gave 100 % conversion and no 
cyanohydrin formation when employed at 20 mol % catalyst  loading. 
 The role of and need for TMSCN as a catalyst activator was next examined.  We presume 
that the active catalyst is a (salen)Al(CN) species (27), generated initially upon reaction with 
TMSCN.  Gorsi and Mehrotra had shown that titanium and zirconium alkoxides undergo 
exchange reactions with cyanoacetates to afford mixed (alkoxy)metal(cyanides): M(OiPr)4 + 
n NCCOMe → n iPrOCOMe + (NC)nM(OiPr)4-n.22  If an analogous reaction were possible 
                                                 
(20) Sammis, G. M.; Jacobsen, E. N. J. Am. Chem. Soc. 2003, 125, 4442-4443. 
(21) Zhong, Z.; Dijkstra, P. J.; Feijen, J. Angew. Chem. Int. Ed. Engl. 2002, 41, 4510-4513. 
(22) Gorsi, B. L.; Mehrotra, R. C. J. Ind. Chem. Soc. 1978, 55, 321-324. 
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between cyanoformates and aluminum alkoxides, the putative catalyst could be accessed and 
the TMSCN would be superfluous.  Indeed, the reaction of benzoyl triethylsilane (24) with 
benzyl cyanoformate (25) in the presence of (salen)Al(OiPr) (26-Cl, 15 mol %) at 45 °C 
furnished the desired product 8a in the absence of an additional cyanide source.  Examination 
of the exchange reaction by 1H NMR spectroscopy (Scheme 2-5 and Figure 2-2) supported 
the proposed mode of activation.  The reaction of (salen)Al(OiPr) 26-Cl with an excess of 
benzylcyanoformate in CDCl3 at 25 °C for 120 min afforded a mixture of the expected 
isopropyl benzylcarbonate (28; 47 % vs. internal standard) as well as isopropylcyanoformate 
(29; 42 % vs. internal standard) and dibenzylcarbonate (30; observed, unable to quantify).23  
It is interesting to note that although isopropylcyanoformate is observed, it does not 
participate in the acylation step.  Formation of 28 implicates a (salen)Al(CN) complex (27); 
however, the 1H NMR resonances of the organometallic product could not be conclusively 
assigned.  Efforts to crystallize species from this reaction have been unsuccessful to date. 
Scheme 2-5.  Isopropoxide Exchange with Benzyl Cyanoformate 
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(23) Ferrocene was used as an internal standard. 
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Figure 2-2.  1H NMR Spectra of the Reaction of 26-Cl with 25 in CDCl3 
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 Although complete conversion with complex 26-tBu was now possible in the absence of 
TMSCN, the level of stereoselection was still not consistent with the results from the initial 
screen.  An enantiomeric excess of 80% with trace product formation was observed in the 
catalyst screen with 26-tBu, however when repeated with the optimized conditions, desired 
product 8a could only be obtained in 36% ee, albeit with 100% conversion.  Since 
(salen)metal catalysts often exhibit second order rate dependence with respect to the 
catalyst,24 the impact of concentration was evaluated in an attempt to better understand the 
reaction.  A closer examination of substituent effects on the salen ligand structure was 
simultaneously undertaken since the electronic properties of salen ligands are known to have 
                                                 
(24) Jacobsen, E. N. Acc. Chem. Res. 2000, 33, 421-431. 
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dramatic effects in the epoxidation of simple olefins.25  Figure 2-3 depicts the coupled effect 
of the para substituent on the salen ligand with concentration relative to 24.  Using the parent 
26-tBu catalyst at 45 °C in toluene (2.5 M) afforded 8a in 26% ee.  However, diluting to 1.5 
M gave an increase in enantiomeric excess (34%).  Switching to the 26-Cl significantly 
increased the selectivity (80% ee) and complete conversion at high dilution was still possible 
(0.05 M).  Seeking to improve this selectivity, we investigated the strongly electron-  
Figure 2-3.  Ligand and Concentration Effects in Enantioselective Cyanation/Brook 
Rearrangement/C-Acylation Reactions (eq 2).a,b,c  
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a) PhC(O)SiEt3 (1.0 equiv), NCCO2Bn (2.0 equiv), for 72 h.  b) Enantioselectivities determined by 
CSP-SFC analysis.  c) Percent conversions shown in parenthesis determined by 1H NMR 
spectroscopy. 
 
(25) Palucki, M.; Finney, N. S.; Pospisil, P. J.; Güler, M. L.; Ishida, T.; Jacobsen, E. N. J. Am. Chem. Soc 1998, 
120, 948-954. 
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withdrawing 26-NO2 catalyst, but observed a sharp decrease in enantiomeric ratio (54% ee at 
0.5 M compared to 67% ee with 26-Cl at 0.5 M).  Electron-releasing substituents (26-OMe 
and 26-NMe2) at high dilution (0.05 M) did not improve on the selectivity achieved with 26-
Cl.  These data consistently correlated lower reaction concentrations with enhanced 
enantioselectivity; however, remote substituent effects unfortunately failed to reveal a 
general trend.  Attempts to further enhance the selectivity observed with 26-Cl by employing 
additives such as 2,6-lutidine26 or triphenylphosphine oxide27 were not successful. 
2.2.2  Reaction Scope 
 With good levels of enantiocontrol achieved using 26-Cl, the scope of the reaction was 
investigated.  Several different acylsilanes bearing a variety of aryl substituents (R´) with 
either triethylsilyl or tert-butyldimethylsilyl groups (SiR3) were treated with either benzyl or 
ethyl cyanoformate (R´´) in the presence of catalytic amounts of 26-Cl to give the desired 
enantioenriched cyanoester product 8 (eq 3).  The results of these experiments are 
summarized in Table 2-1.  Varying the silyl goup (entries 1-2) from triethylsilyl to tert-
butyldimethylsilyl led to a significant reduction in selectivity (79% to 64% ee, respectively).  
Conversely, variation of the cyanoformate from benzyl to ethyl made little or no difference 
on either yield or enantioselectivity (cf. entries 1 vs. 3 and 7 vs. 8).  Electron-releasing 
substituents on the aryl ring of the acylsilane (entries 4 and 6) provided good levels of 
enantioinduction (up to 82% ee, entry 6), while their electron-withdrawing counterparts 
(entries 5, 7-8, and 10) achieved only moderate enantioenrichment (61% to 64% ee).  The 
                                                 
(26) Bandini, M.; Fagioli, M.; Melchiorre, P.; Melloni, A.; Umani-Ronchi, A. Tetrahedron Lett. 2003, 44, 5843-
5846. 
(27) Daikai, K.; Kamaura, M.; Inanaga, J. Tetrahedron Lett. 1998, 39, 7321-7322. 
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only exception was 4-FPhC(O)SiEt3 (78% ee, entry 9).  Overall, the substrates examined 
gave moderate to good enantioselectivities with good to excellent yields.  An air-stable 
aluminum oxo complex derived from the p-Cl-salen ligand, (Cl-salen)Al(O)Al(salen-Cl),28 
also effects the transformation of acylsilane 24 with cyanoformate 25 to give 8a with 
identical selectivity (80% ee) as complex 26-Cl (entry 1).  Alkyl acylsilanes (MeCOSiMe3, 
iPrCOSiEt3) were unreactive under (salen)Al catalysis, in contrast to catalysis by KCN/18-
crown-6.13  
Table 2-1.  Catalytic Enantioselective Cyanation/Brook Rearrangement/C-Acylation of 
Acylsilanes (Eq 3)a 
SiR3
O
NC OR''
O
+
15 mol % 26-Cl
toluene, 45 °C CO2R''
NC OSiR3
R' R'
(3)
7 84  
entry R´ SiR3 R´´ product yield (%)b ee (%)c 
1 Ph SiEt3 Bn CO2Bn
NC OSiEt3
8a 
83 79 i 
2 Ph SitBuMe2 Bn CO2Bn
NC OSitBuMe2
8b 
82d 64 i 
3 Ph SiEt3 Et CO2Et
NC OSiEt3
8c 
93e 77g,i 
4 (4-Me)C6H4 SiEt3 Bn CO2Bn
NC OSiEt3
Me 8d 
79 80 j 
5 2-naphthyl SiEt3 Bn CO2Bn
NC OSiEt3
8e 
90 62 j 
                                                 
(28) Taylor, M. S.; Jacobsen, E. N. J. Am. Chem. Soc 2003, 125, 11204-11205. 
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6 (4-OMe)C6H4 SiEt3 Bn CO2Bn
NC OSiEt3
MeO 8f
84f 82 j 
7 (4-Cl)C6H4 SiEt3 Bn CO2Bn
NC OSiEt3
Cl 8g 
87 64h,j 
8 (4-Cl)C6H4 SiEt3 Et CO2Et
NC OSiEt3
Cl 8h 
87 61g,i 
9 (4-F)C6H4 SiEt3 Bn CO2Bn
NC OSiEt3
F 8i 
81 78h,j 
10 (4-CN)C6H4 SiEt3 Bn CO2Bn
NC OSiEt3
NC 8j 
70 64 j 
a) R’C(O)SiR3 (1.0 equiv), NCCO2R’’ (2.0 equiv), C7H8 (0.05 M) for 72 h unless otherwise noted.  b) 
Isolated yield of analytically pure material; average of at least two experiments.  c) Determined by 
CSP-SFC analysis of the adduct, unless otherwise noted.  d) 20 mol % catalyst used.  e) [4]0 = 0.025 
M.  f) [4]0 = 0.1 M.  g) Determined by CSP-SFC analysis after reduction of the nitrile and coupling to 
(S)-mandelic acid. See Experimental Section.  h) Determined by CSP-SFC analysis after reduction of 
the nitrile and protection as the N-BOC carbamate.  See Experimental Section.  i)  Absolute 
configuration determined by derivatization to β-lactam 38.  j) Absolute configuration assigned by 
analogy. 
 
2.2.3  Derivatization and Absolute Stereochemical Assignment 
 Since the products (8) derived from the title reaction are susceptible to NCSiR3 loss to 
form α-ketoesters under mildly acidic or strongly basic conditions, the nitrile functionality 
must be manipulated at the outset.  Reduction of the nitrile by H2/Raney nickel to the free 
amine is best suited for ethyl ester products (8c, eq 4).29  This reaction proceeds smoothly at 
23 °C to afford 32 in 74 % yield.  Nitrile reduction of compounds bearing benzyl ester 
                                                 
(29) Testa, E.; Fontanella, L.; Cristiani, G.; Mariani, L. J. Lieb. Ann. Chem. 1961, 639, 166-180. 
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groups requires alternative conditions.  Tertiary nitrile 8a is reduced in the presence of 
NaBH4/CoCl2•6H2O in MeOH at 0 °C to give a 48 % isolated yield of the primary amine  
Scheme 2-6.  Derivatization of the Title Reaction Products  
Ph CO2Et
NC OSiEt3 H2 (100 psi)
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EtOH
74%
Ph CO2Et
OSiEt3H2N
8c 32
Ph CO2Bn
NC OSiEt3 CoCl2•6H2O
NaBH4
MeOH
48%
Ph CO2Bn
OSiEt3H2N
8a 33
CO2Bn
NC OSiEt3 CoCl2•6H2O
NaBH4
MeOH
46%
CO2Bn
OSiEt3(BOC)HN
8g 34
(4)
(5)
(6)
(BOC)2O
ClCl
 
(33).30  Alternatively, nitrile 8g can be reduced in the presence of (BOC)2O to give a tert- 
butoxycarbonyl-protected amine (34), a fully-protected α-hydroxy-β-amino acid that bears a 
tertiary carbinol center. 
 Absolute stereochemical assignment of the products (8) of eq 3 was achieved via 
transformation to a known enantiopure β-lactam (36, Scheme 2-7).31  Lactamization of 
amine 32 required 3.0 equivalents of MeMgBr but cleanly afforded the cyclized product 35 
in 67% yield.  N-Methylation of 35 by a NaH/MeI protocol followed by silyl deprotection 
furnished the known β-lactam 36 in 70% yield (2 steps).  Optical rotation measurements 
([α]D25 –54.2 (c = 0.18, CHCl3; 62 % ee) indicated that the β-lactam derived from 32 was the 
(S)-enantiomer after comparison to the literature value [α]D25 –99.7 (c = 0.34, CHCl3; 99 % 
                                                 
(30) Heinzman, S. W.; Ganem, B. J. Am. Chem. Soc. 1982, 104, 6801-6802. 
(31) Kaftory, M. J. Org. Chem. 1988, 53, 4391-4393. 
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ee).31  Products 8a, 8b, and 8h were also correlated to the same compound and found to have 
the same absolute configuration.32  
Scheme 2-7. Lactamization and Absolute Stereochemistry of 36  
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MeMgBr
(3.0 equiv) HN
O
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1) NaH; MeI
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[α]D25 -54.2 (c = 0.18, CHCl3; 62 % ee)
[α]D25 -99.7 (c = 0.34, CHCl3; 99 % ee)lit.  
 
2.3  Discussion 
 The results from the catalyst screen revealed a wide range of potentially useful 
(ligand)metal(CN) catalysts.  From the 1H NMR experiment in Scheme 2-5, the presence of 
isopropyl benzylcarbonate 29 implies the existence of a (salen)Al–CN (27) or (salen)Al–NC 
complex.  Although there is no direct spectroscopic evidence for 27, its existence has also 
been proposed by Jacobsen.28  Implicit in the successful catalysis of the cyanation/Brook 
rearrangement/acylation sequence are metal complexes that 1) are sufficiently nucleophilic to 
add to the acylsilane; 2) form M–O bonds that are weak enough to allow the Brook 
rearrangement to occur; and 3) afford (metallo)silyloxynitriles that are sufficiently reactive to 
undergo acylation reactions.  Circumstantial evidence suggests that all of these criteria are 
met with (salen)Al–CN complexes.  The formation of cyanohydrin 38 when water is present 
suggests the intermediacy of 6 or 37 (Scheme 2-8), perhaps as equilibrating species.  Similar 
(lithio)aminonitriles (39) have been isolated by Enders and their existence in the solid state 
                                                 
(32) See the Experimental Section for details. 
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provides support for structure 6.33  The exact structure of the nucleophile undergoing 
acylation is not known, however. 
Scheme 2-8.  Possible (Silyloxy)nitrile Anion Structures 
R' M
NC OSiR3 "H+"
R' H
NC OSiR3
6 37 38
R2N
R
39
ref. 33
R'
OSiR3
N M
N
Li
Li
N
R
NR2
 
 Several limiting mechanisms can be advanced for chirality transfer to the nascent 
stereogenic center.  Enantioselective cyanation of acylsilane followed by stereospecific 1,2-
Brook rearrangement with retention34 or inversion35 could lead to a configurationally defined 
organoaluminum that undergoes stereospecific acylation with cyanoformate (Scheme 2-9, eq 
7).  Alternatively, acylsilanes may undergo nonselective cyanation and/or Brook 
rearrangement to afford interconverting organoaluminum diastereomers that undergo 
acylation at different rates (eq 8).  The interconversion could take place via the intermediacy 
of the azaallene-type structure 6, also a reasonable candidate for enantioselective acylation.  
We have not been able to observe intermediates in these reactions, but the homology between 
known, isolated structure 39 and proposed structure 6 should be noted.  At this point it is not 
possible to assess the reversibility of either the cyanation or the 1,2-Brook rearrangement 
step. 
                                                 
(33) Enders, D.; Kirchhoff, J.; Gerdes, P.; Mannes, D.; Raabe, G.; Runsink, J.; Boche, G.; Marsch, M.; 
Ahlbrecht, H.; Sommer, H. Eur. J. Org. Chem. 1998, 63-72. 
(34) Linderman, R. J.; Ghannam, A. J. Am. Chem. Soc. 1990, 112, 2392-2398. 
(35) Brook, A. G.; Pascoe, J. D. J. Am. Chem. Soc. 1971, 93, 6224-6227. 
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Scheme 2-9. Possible Mechanisms for Chirality Transfer  
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 The observed concentration/enantioselectivity effects indicate that the overall mechanism 
is more complex than Scheme 2-2 depicts.  A possible explanation for the inverse 
relationship between concentration and selectivity may be two competing reaction manifolds 
that are first and second order in [catalyst], respectively.  At lower concentrations the first 
order pathway should become more dominant; however, this would imply that the second 
order cycle is less enantioselective.  Such a condition would be unique in (salen)metal 
catalysis.33  Alternatively, the observations could be explained by interconverting aggregates 
in solution that are all catalytically active.  The propensity of aluminum cyanide complexes 
to bridge in the solid state has been noted.36  The broad resonances in the 1H NMR spectrum 
for the putative (salen)Al–CN complex do not allow confirmation of aggregation, but may be 
suggestive.  Lower bulk concentrations should increase the relative quantity of the monomer; 
if it were the most selective complex, the observed enantioselectivity would increase. 
                                                 
(36) Ulh, W.; Schütz, U.; Hiller, W.; Heckel, M. Z. Anorg. Allg. Chem. 1995, 621, 823-828. 
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2.4  Conclusions 
 A new catalytic enantioselective cyanation/1,2-Brook rearrangement/C-acylation reaction 
of acylsilanes with cyanoformates in the presence of a chiral aluminum complex was 
developed.  This represents the first reported instance of a catalytic asymmetric reaction of a 
(silyloxy)nitrile anion.  Screening a variety of chiral metal complexes proved key to 
developing the enantioselective variant of the title reaction.  Substrate concentration and 
remote ligand substituent effects play an important role in both enantioselectivity and 
reactivity.  The scope of the reaction proved general for an array of aryl acylsilanes and 
cyanoformates, affording moderate to good selectivities in all cases studied.  Further 
manipulation of the reaction products provided a simple means for preparing 
enantioenriched, fully-protected α-hydroxy-β-amino acids as well enantioenriched β-
lactams.  This reaction provides access to a new series of chiral building blocks. 
2.5  Experimental 
 Materials and Methods: General.  Infrared (IR) spectra were obtained using a Nicolet 
560-E.S.P. infrared spectrometer.  Proton and carbon nuclear magnetic resonance spectra (1H 
and 13C NMR) were recorded on the following instruments: Bruker model Avance 400 (1H 
NMR at 400 MHz and 13C NMR at 100 MHz) and Varian Gemini 300 (1H NMR at 300 MHz 
and 13C at 75 MHz) spectrometers with solvent resonance as the internal standard (1H NMR: 
CDCl3 at 7.23 ppm and 13C NMR: CDCl3 at 77.23 ppm).  1H NMR data are reported as 
follows: chemical shift, multiplicity (s = singlet, br s = broad singlet, d = doublet, t = triplet, 
q = quartet, sept = septet, m = multiplet), coupling constants (Hz), and integration.  
Enantiomeric excesses were obtained using a Berger Supercritical Fluid Chromatograph 
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model FCM 1100/1200 equipped with an Agilent 1100 series UV-Vis detector using one of 
the three following chiral HPLC columns: Chiralcel Chiralpak AD or OD columns or a Regis 
Pirkle Whelk-O 1 column. Samples were eluted with SFC grade CO2 and the indicated 
percentage of MeOH.  Combustion analyses were performed by Atlantic Microlab Inc., 
Norcross, GA.  Analytical thin layer chromatography (TLC) was performed on Whatman 
0.25 mm silica gel 60 plates.  Visualization was accomplished with UV light and aqueous 
ceric ammonium molybdate solution followed by heating.  Purification of the reaction 
products was carried out by flash chromatography using Sorbent Technologies silica gel 60 
(32-63 µm).  All reactions were carried out under an atmosphere of nitrogen in oven-dried 
glassware with magnetic stirring.  Yield refers to isolated yield of analytically pure material.  
Yields and enantiomeric excesses are reported for a specific experiment and as a result may 
differ slightly from those found in the tables, which are averages of at least two experiments.  
Diethyl ether, tetrahydrofuran, and toluene were dried by passage through a column of 
neutral alumina under nitrogen prior to use.37  Dithianes were prepared from the 
corresponding aldehydes using Graham’s procedure.38  Preparation of new acylsilanes are 
reported herein or have been reported in the previous chapter.  Racemic standards of 
compounds 8a-8j were prepared as described in Chapter 1.  Salen ligands were prepared as 
described by Jacobsen.39  Unless otherwise noted, reagents were obtained from commercial 
sources and used without further purification.  CAUTION: Trimethylsilylcyanide is toxic 
and releases HCN upon exposure to acid.  While we have encountered no problems in the 
                                                 
(37) Alaimo, P. J.; Peters, D. W.; Arnold, J.; Bergman, R. G. J. Chem. Educ. 2001, 78, 64. 
(38) Graham, A. E. Synth. Commun. 1999, 29, 697-703. 
(39) Larrow, J. F.; Jacobsen, E. N.J. Org. Chem. 1994, 59, 1939-1942. 
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chemistry described herein, we regularly employ an HCN detector (BW Technologies, Ltd.) 
in manipulations involving cyanide reagents as a precautionary measure.  Reactions should 
be conducted in a well-ventilated fume hood. 
SiEt3
O
NC OBn
O
+
M(OR)n (40 mol%)
Ligand (40 mol%)
TMSCN (80 mol%)
CO2Bn
OSiEt3NC
8aC7H8, 45
 oC24 25  
 Enantioselective catalyst screen for reaction of acylsilane 24 with cyanoformate 25 
(Figure 2-1).  All subsequent manipulations were performed in a dry box to exclude 
moisture.  200 μL of a 0.045 M solution (0.0091 mmol) of each ligand (12-23) in toluene 
was added by pipette to each individual vial containing 0.0091 mmol of metal alkoxide 
(M(OR)n).  This solution was allowed to stir for 30 min and then the solvent was removed 
under reduced pressure.  An additional 200 μL of toluene was added to each vial and this 
solvent was also removed under reduced pressure (this step is to insure complete alcohol 
removal).  0.9 mL of a solution of the acylsilane (0.023 mmol), cyanoformate (0.091 mmol), 
and TMSCN (0.018 mmol) was added to each vial.  The reactions were allowed to stir for 72 
h in the dry box.  Next, the reactions were removed from the glove box and a solution of 1M 
NaOH (~0.1 mL) was added to each vial to insure excess cyanoformate hydrolysis.  Each 
reaction was filtered through a pad of SiO2 with the aid of Et2O and the combined extracts 
were concentrated. Enantiomeric excesses were determined by chiral SFC analysis 
(Chiralpak OD, 0.3% MeOH, 0.5 mL/min, 150 psi, 40 °C, 240 nm, tr-major, 37.0 min, tr-minor 
41.5 min). 
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 General Procedure (A) for the preparation of silyldithianes.40,41  To a dry 100 mL 
round-bottom flask with a magnetic stir bar was added 7.5 mmol of dithiane.  THF (35 mL) 
was added via syringe.  The resulting solution stirred under N2 at –78 °C for 30 min, then n-
butyllithium (2.5 M in hexanes, 8.3 mmol, 1.1 equiv) was added dropwise to the solution via 
syringe.  The reaction was stirred at –78 oC for 2 h and 8.3 mmol chlorotriethylsilane (1.1 
equiv) was added dropwise via syringe at the same temperature.  After 30 min, the reaction 
was warmed to 25 °C for 30 min and then quenched with 40 mL of saturated aqueous NH4Cl.  
The aqueous layer was extracted with three 30 mL portions of Et2O.  The organic extracts 
were combined, dried (MgSO4), filtered, and the solvent was removed with a rotary 
evaporator.  The crude product was purified by flash chromatography, if necessary, eluting 
with the indicated solvent system to afford the pure silyldithiane. 
H
SS
1) n-BuLi
2) ClSiEt3
SiEt3
SS
Me Me
43d  
 2-(4-Methyl)phenyl-2-triethylsilyl-1,3-dithiane (43d).  The title compound was 
prepared according to General Procedure A using 8.96 g (42.6 mmol) of dithiane, 29.3 mL of 
n-butyllithium (1.6 M in hexanes, 46.8 mmol), and 7.90 mL (46.8 mmol) of 
chlorotriethylsilane to yield 13.8 g (100%) of the silyl dithiane as a clear oil that was used 
without further purification.  Analytical data for title compound: 1H NMR (400 MHz, 
CDCl3) δ 7.80 (d, J = 8.4 Hz, 2H), 7.17 (d, J = 6.0 Hz, 2H), 2.83-2.74 (m, 2H), 2.41-2.32 (m, 
                                                 
(40) Corey, E. J.; Seebach, D. Angew. Chem. Int. Ed. Engl. 1965, 4, 1077-1078. 
(41) Page, P. C. B.; Graham, A. E.; Park, B. K. Tetrahedron 1992, 48, 7265-7274. 
 53
2H), 2.35 (s, 3H), 2.02 (dtt, J = 13.6, 12.8, 2.4 Hz, 1H), 1.86 (m, 1H), 0.92 (t, J = 8.4 Hz, 
9H), 0.71-0.64 (m, 6H); TLC (95:5 hexanes-EtOAc) Rf 0.27. 
H
SS
1) n-BuLi
2) ClSiEt3
SiEt3
SS
43e  
 2-Naphthyl-2-triethylsilyl-1,3-dithiane (43e).  The title compound was prepared 
according to General Procedure A using 2.0 g (8.1 mmol) of dithiane, 5.6 mL of n-
butyllithium (1.6 M in hexanes, 8.9 mmol), and 1.4 mL (8.5 mmol) of chlorotriethylsilane to 
yield 2.9 g (100%) of the silyl dithiane as a clear oil that was used without further 
purification.  Analytical data for title compound: 1H NMR (400 MHz, CDCl3) δ 8.35 (d, J = 
2.0 Hz, 1 H), 8.08 (dd, J = 8.8, 2.0 Hz, 1H), 7.86-7.75 (m, 3H), 7.48-7.40 (m, 2H), 2.77 (ddd, 
J = 13.6, 13.6, 2.8 Hz, 2H), 2.39 (ddd, J = 13.6, 4.0, 4.0 Hz, 2H), 2.02 (dtt, J = 13.6, 13.2, 2.8 
Hz, 1H), 1.91 (dtt, J = 13.2, 4.0, 2.8 Hz), 0.90 (t, J = 4.0 Hz, 9H), 0.68 (q, J = 4.0 Hz, 6H); 
TLC (5:95 EtOAc-petroleum ether) Rf 0.56.  
H
SS
1) n-BuLi
2) ClSiEt3
SiEt3
SS
NC NC
43j  
 2-(4-Cyano)phenyl-2-triethylsilyl-1,3-dithiane (43j).  The title compound was prepared 
according to General Procedure A using 4.19 g (19.1 mmol) of dithiane, 13.2 mL of n-
butyllithium (1.6 M in hexanes, 21.0 mmol), and 3.50 mL (21.0 mmol) of 
chlorotriethylsilane to yield 4.39 g (69%) of the silyl dithiane as a white solid after flash 
chromatography with 39:1 Hexanes-EtOAc.  Analytical data for title compound: IR (Nujol, 
 54
cm-1) 2933, 2228, 1600, 1492, 1463, 1377, 1274, 1241, 1010, 917; 1H NMR (300 MHz, 
CDCl3) δ 8.09 (d, J = 9.0 Hz, 2H), 7.66 (d, J = 8.7 Hz, 2H), 2.66 (ddd, J = 14.7, 14.7, 2.7, 
2H), 2.42 (ddd, J = 14.1, 3.6, 3.6 Hz, 2H), 2.04 (dtt, J = 13.5, 12.9, 3.0, 1H), 1.95-1.85 (m, 
1H), 0.92 (t, J = 8.1 Hz, 9H), 0.68 (q, J = 7.2 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 148.5, 
132.3, 130.6, 119.3, 109.3, 48.7, 25.6, 25.1, 8.0, 1.9; TLC (95:5 hexanes-EtOAc) Rf 0.28. 
Anal. Calcd for C17H25NS2Si: C, 60.84; H, 7.51; N, 4.17. Found: C, 60.83; H, 7.56; N, 4.15. 
H
SS
1) n-BuLi
2) ClSiEt3
SiEt3
SS
F F 43i  
 2-(4-Fluoro)phenyl-2-triethylsilyl-1,3-dithiane (43i).  The title compound was prepared 
according to General Procedure A using 1.32 g (6.10 mmol) of dithiane, 4.30 mL of n-
butyllithium (1.6 M in hexanes, 6.80 mmol), and 1.2 mL (6.80 mmol) of chlorotriethylsilane 
to yield 1.32 g (98%) of the silyl dithiane as a clear oil that was used without further 
purification.  Analytical data for title compound: 1H NMR (300 MHz, CDCl3) δ 7.94-7.85 
(m, 2H), 7.10-7.00 (m, 2H), 2.74 (ddd, J = 14.1, 14.1, 2.7 Hz, 2H), 2.39 (ddd, J = 14.1, 3.9, 
3.9 Hz, 2H), 2.03 (dtt, J = 13.2, 13.2, 3.3 Hz, 1H), 1.94-1.84 (m, 1H), 0.92 (t, J = 7.8 Hz, 
9H), 0.68 (q, J = 7.2 Hz, 6H); TLC (95:5 hexanes-EtOAc) Rf 0.61. 
 
 General procedure (B) for the preparation of acylsilanes (4).42  A 250 mL round-
bottom flask with a magnetic stir bar was charged with 5.0 mmol of silyldithiane, 10 mmol 
mercuric chloride, 10 mmol of mercuric oxide, and 30 mL of a methanol/water solution 
                                                 
(42) Yamamoto, K.; Hayashi, A.; Suzuki, S.; Tsuji, J. Organometallics 1987, 6, 979-982. 
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(9:1).  The reaction mixture was heated to the indicated temperature for the given amount of 
time.  After cooling to 25 °C, the solids were removed by filtration.  The filtrate was 
extracted three times with pentane.  The organic extracts were combined, dried (MgSO4), and 
the solvent was evaporated to afford oily material that was purified by flash chromatography 
using the indicated eluent.  
SiEt3
SS
SiEt3
O
HgCl2/HgO
MeOH/H2O
Me Me
43d 24d  
 4-Methylbenzoyl triethylsilane (24d). The title compound was prepared according to 
General Procedure B, using 14.7 g (45.3 mmol) of the silyl dithiane, 30.7 g (113 mmol) of 
mercuric chloride, and 24.5 g (113 mmol) of mercuric oxide and was stirred for 48 h at room 
temperature.  The product was purified by flash chromatography with a linear gradient of 
99:1 to 95:5 hexanes-EtOAc to afford 8.30 g (83%, 2 steps) of the product as a yellow oil. 
Analytical data for title compound: IR (thin film, cm-1) 2955, 2876, 1593, 1459, 1415, 1218, 
1171, 1077; 1H NMR (300 MHz, CDCl3) δ 7.73 (d, J = 8.4 Hz, 2H), 7.26 (d, J = 7.8 Hz, 2H), 
2.39 (s, 3H), 1.03-0.96 (m, 9H), 0.94-0.91 (m, 6H); 13C NMR (75 MHz, CDCl3) δ 235.1, 
143.5, 140.5, 129.5, 127.5, 21.8, 7.6, 4.0; TLC (95:5 hexanes:EtOAc) Rf  0.43. Anal. Calcd 
or C14H22OSi: C, 71.73; H, 9.46. Found: C, 71.99; H, 9.69. 
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SiEt3
SS
SiEt3
O
HgCl2/HgO
MeOH/H2O
43e 24e  
 2-Naphthoyl triethylsilane (24e). The title compound was prepared according to General 
Procedure B, using 2.9 g (8.1 mmol) of the silyl dithiane, 5.5 g (20.3 mmol) of mercuric 
chloride, and 4.4 g (20.3 mmol) of mercuric oxide and was stirred for 12 h at 50 °C.  The 
crude product was purified by flash chromatography with a linear gradient of 100% 
petroleum ether to 90:10 Et2O-petroleum ether to afford 1.8 g (82 %, 2 steps) of the product 
as a yellow oil. Analytical data for title compound: IR (thin film, cm-1) 3058, 2956, 2910, 
2875, 1713, 1593, 1350, 1271, 1018; 1H NMR (400 MHz, CDCl3) δ 8.31 (s, 1H), 7.96 (d, J 
= 7.6 Hz, 1H), 7.82-7.88 (m, 3H), 7.50-7.60 (m, 2H), 0.92-1.04 (m, 15H); 13C NMR (75 
MHz, CDCl3) δ 235.8, 140.2, 135.7, 133.0, 130.5, 129.8, 128.8, 128.5, 128.1, 126.9, 122.4, 
7.7, 4.1; TLC (5:95 EtOAc-petroleum ether) Rf  0.50. Anal. Calcd for C17H22OSi: C: 75.50; 
H: 8.20. Found: C: 75.63; H: 8.29. 
SiEt3
SS
SiEt3
O
NC NC
MeOHI
O
O
F3C
O
F3C
O43j 24j  
 4-Cyanobenzoyl triethylsilane (24j).  To a 25-mL round bottom flask purged with Ar 
and equipped with a magnetic stir bar was added bis(trifluoroacetoxy)iodobenzene (5.23 g, 
12.1 mmol, 2.0 equiv) and MeOH (5.30 mL).  To the solution 2-(4-cyano)phenyl-2-
triethylsilyl-1,3-dithiane (2.05 g, 6.07 mmol, 1.0 equiv) was added slowly with stirring  The 
solution became warm and after 2.5 h the solvent was removed and the crude product was 
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purified by flash chromatography (1:1 hexanes-methylene chloride) to yield 520 mg (35%) of 
the product as a yellow solid.  Analytical data for title compound: IR (thin film, cm-1) 2957, 
2876, 2231, 1618, 1598, 1464, 1401, 1291, 1202, 1168, 1015; 1H NMR (300 MHz, CDCl3) 
δ 7.84 (d, J = 8.1 Hz, 2H), 7.76 (d, J = 8.1 Hz, 2H), 1.00-0.87 (m, 15H); 13C NMR (75 MHz, 
CDCl3) δ 235.9, 144.6, 132.9, 127.4, 118.25, 115.9, 7.5, 3.6; TLC (95:5 hexanes-EtOAc) Rf  
0.38. Anal. Calcd for C14H19NOSi: C, 68.52; H, 7.80; N, 5.71. Found: C, 68.51; H, 7.89; N, 
5.66. 
SiEt3
SS
SiEt3
O
F F
MeOHI
O
O
F3C
O
F3C
O43i 24i  
 4-Fluorobenzoyl triethylsilane (24i).  To a 25-mL round bottom flask purged with Ar 
and equipped with a magnetic stir bar was added bis(trifluoroacetoxy)iodobenzene (4.12 g, 
9.59 mmol, 2.0 equiv) and MeOH (4.0 mL).  To the solution 2-(4-fluoro)phenyl-2-
triethylsilyl-1,3-dithiane (1.58 g, 4.80 mmol, 1.0 equiv) was added slowly with stirring.  The 
solution became warm and after 2.5 h the solvent was removed and the crude product was 
purified by gradient flash chromatography (99:1 to 97:3 hexanes-EtOAc) to yield 710 mg 
(51%, 2 steps) of the product as a yellow oil.  Analytical data for title compound: IR (thin 
film, cm-1) 2957, 2877, 1615, 1584, 1501, 1225, 1204, 1010; 1H NMR (300 MHz, CDCl3) 
δ 7.89-7.80 (m, 2H), 7.20-7.10 (m, 2H), 1.03-0.96 (m, 9H), 0.94-0.85 (m, 6H); 13C NMR (75 
MHz, CDCl3) δ 234.0, 167.3, 163.9, 139.3, 139.2, 130.0, 129.8, 116.1, 115.8, 7.6, 3.9; TLC 
(95:5 hexanes-EtOAc) Rf  0.53. Anal. Calcd for C13H19FOSi: C, 65.50; H, 8.03. Found: C, 
65.68; H, 8.03. 
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 General procedure (C) for the enantioselective reaction of acylsilanes with 
cyanoformates in the presence of 26-Cl.  A flame-dried Schlenk tube equipped with a 
magnetic stir bar was charged with aluminum complex 26-Cl (19 mg, 0.033 mmol, 0.15 
equiv) under Ar.  Acylsilane (60 mg, 0.22 mmol, 1.0 equiv), cyanoformate (72 mg, 0.44 
mmol, 2.0 equiv), and C7H8 (4.4 mL, 0.05 M) were all added to the Schlenk tube under Ar 
and the tube was sealed and heated to 45 °C.  After 72 h, the flask was cooled to 25 °C, the 
solvent was removed in vacuo and the crude product was purified by flash chromatography 
using the indicated eluent.  
SiEt3
O
NC OBn
O
+ 26-Cl (15 mol %)
C7H8, 45
 oC
CO2Bn
OSiEt3NC
8a
83% yield, 79% ee  
 (S)-(+)-Benzyl 2-cyano-2-phenyl-2-triethylsiloxyacetate (8a).  The title compound was 
prepared according to General Procedure C using 60 mg (0.27 mmol) of acylsilane, 88 mg 
(0.54 mmol) of benzyl cyanoformate, 24 mg (0.04 mmol) of 26-Cl, and 5.4 mL of C7H8.  
After 72 h at 45 °C, the crude product was purified by flash chromatography with 95:5 
petroleum ether-EtOAc to afford 85 mg (83%) of 8a as a colorless oil in 79% ee as 
determined by chiral SFC analysis (Chiralpak OD, 0.3% MeOH, 0.5 mL/min, 150 psi, 40 °C, 
240 nm, tr-major 37.0 min, tr-minor 41.5 min).  Analytical data for title compound: [α]D25 +4.2 (c 
= 1.97, CH2Cl2); IR (thin film, cm-1) 3067, 3035, 2958, 2878, 2245, 1766, 1588, 1451, 1241, 
1152, 1003, 835; 1H NMR (400 MHz, CDCl3) δ  7.63-7.61 (m, 2H), 7.38-7.35 (m, 3H), 7.29-
7.26 (m, 3H), 7.19-7.17 (m, 2H), 5.17 (s, 2H), 0.93 (t, J = 7.6 Hz, 9H), 0.70 (q, J = 7.6 Hz, 
6H); 13C NMR (100 MHz, CDCl3) δ  167.1, 134.5, 129.9, 128.9, 128.8, 128.7, 128.2, 125.7, 
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118.3, 75.1, 68.9, 6.8, 5.4; TLC (95:5 hexanes/EtOAc) Rf  0.35; Anal. Calcd for 
C22H27NO3Si: C, 69.25; H, 7.13; N, 3.67. Found: C, 69.37; H, 7.28; N, 3.60. 
SitBuMe2
O
NC OBn
O
+ 26-Cl (20 mol %)
C7H8, 45
 oC
CO2Bn
OSitBuMe2NC
8b
81% yield, 64% ee  
 (S)-(+)-Benzyl 2-cyano-2-phenyl-2-tert-butyldimethylsiloxyacetate (8b).  The title 
compound was prepared according to General Procedure C using 60 mg (0.27 mmol) of 
acylsilane, 87 mg (0.54 mmol) of benzyl cyanoformate, 32 mg (0.054 mmol) of 26-Cl, and 
5.4 mL of C7H8.  After 72 h at 45 °C, the crude product was purified by flash 
chromatography with 95:5 petroleum ether-EtOAc to afford 82 mg (81%) of 8b as a colorless 
oil in 64% ee as determined by chiral SFC analysis (Chiralpak OD, 0.3% MeOH, 0.5 
mL/min, 150 psi, 40 °C, 240 nm, tr-major 27.6 min, tr-minor 29.9 min).  Analytical data for title 
compound: [α]D25 +2.8 (c = 1.52, CH2Cl2); IR (thin film, cm-1) 3067, 3036, 2957, 2930, 
2858, 2241, 1767, 1588, 1472, 1258, 1148; 1H NMR (400 MHz, CDCl3) δ  7.67-7.61 (m, 
2H), 7.40-7.34 (m, 3H), 7.31-7.25 (m, 3H), 7.20-7.16 (m, 2H), 5.18 (s, 2H), 0.94 (s, 9H), 
0.22 (s, 3H), 0.14(s, 3H); 13C NMR (100 MHz, CDCl3) δ  167.1, 136.9, 134.6, 129.9, 129.0, 
128.9, 128.8, 128.3, 125.8, 118.2, 75.8, 69.0, 25.8, 25.8, 18.6, -3.9, -4.2; TLC (95:5 
hexanes/EtOAc) Rf  0.35.  Attempts to obtain acceptable combustion analysis were not 
successful.  See Supporting Information in reference 13 for a 1H NMR spectrum. 
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SiEt3
O
NC OEt
O
+ 26-Cl (15 mol %)
C7H8, 45
 oC
CO2Et
OSiEt3NC
8c
93% yield, 77% ee  
 (S)-(-)-Ethyl 2-cyano-2-phenyl-2-triethylsiloxyacetate (8c).  The title compound was 
prepared according to General Procedure C using 60 mg (0.27 mmol) of acylsilane, 54 mg 
(0.54 mmol) of ethyl cyanoformate, 24 mg (0.04 mmol) of 26-Cl, and 10.8 mL of C7H8.  
After 72 h at 45 °C, the crude product was purified by flash chromatography with 95:5 
petroleum ether-EtOAc to afford 80 mg (93%) of 8c as a colorless oil in 77% ee as 
determined by chiral SFC analysis after reduction of the nitrile and coupling with (S)-
mandelic acid.  Analytical data for title compound: [α]D25 -4.4 (c = 1.06, CH2Cl2); IR (thin 
film, cm-1) 3067, 2959, 2878, 2242, 1764, 1746, 1451, 1240, 1193, 1153, 1013, 734, 695; 1H 
NMR (400 MHz, CDCl3) δ 7.72-7.62 (m, 2H), 7.46-7.36 (m, 3H), 4.26-4.13 (ABX, JAB = 
10.8 Hz, JAX = 6.8 Hz, 2H), 1.24 (t, J = 6.8 Hz, 3H), 0.99 (t, J = 7.6 Hz, 9H), 0.76 (q, J = 7.6 
Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 167.1, 136.8, 129.6, 128.7, 125.4, 118.2, 74.8, 63.4, 
13.8, 6.6, 5.2; TLC (20:1 hexanes/EtOAc) Rf  0.33; Anal. Calcd for C17H25NO3Si: C, 63.91; 
H, 7.89; N, 4.38. Found: C, 64.09; H, 7.98; N, 4.41. 
SiEt3
O
NC OBn
O
+ 26-Cl (15 mol %)
C7H8, 45
 oC
CO2Bn
OSiEt3NC
8d
86% yield, 80% ee
Me Me
 
 (S)-(+)-Benzyl 2-cyano-2-(4-methyl)phenyl-2-triethylsiloxyacetate (8d).  The title 
compound was prepared according to General Procedure C using 60 mg (0.26 mmol) of 
acylsilane, 82 mg (0.51 mmol) of benzyl cyanoformate, 22 mg (0.04 mmol) of 26-Cl, and 5.1 
mL of C7H8.  After 72 h at 45 °C, the crude product was purified by flash chromatography 
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with 95:5 petroleum ether-EtOAc to afford 88 mg (86 %) of 8d as a colorless oil in 80% ee 
as determined by chiral SFC analysis (Chiralpak OD, 0.3% MeOH, 0.5 mL/min, 150 psi, 40 
°C, 240 nm, tr-major 42.2 min, tr-minor 48.0 min).  Analytical data for title compound: [α]D 25 
0.76 (c = 2.29, CH2Cl2); IR (thin film, cm-1) 2957, 2878, 2242, 1766, 1509, 1457, 1262, 
1153, 1010; 1H NMR (300 MHz, CDCl3) δ  7.51 (d, J = 9 Hz, 2H), 7.32-7.29 (m, 3H), 7.24-
7.15 (m, 4H), 5.18 (s, 1H), 5.17 (s, 1H), 2.36 (s, 3H), 0.94 (t, J = 8.1 Hz, 9H), 0.74-0.65 (m, 
6H); 13C NMR (75 MHz, CDCl3) δ 167.2, 140.0, 134.6, 134.0, 129.6, 128.7, 128.2, 125.6, 
118.4, 21.4, 6.8, 5.5; TLC (95:5 hexanes-EtOAc) Rf  0.33; Anal. Calcd for C23H29NO3Si: C, 
69.84; H, 7.39; N, 3.54. Found: C, 69.91; H, 7.43; N, 3.57. 
SiEt3
O
NC OBn
O
+ 26-Cl (15 mol %)
C7H8, 45
 oC
CO2Bn
OSiEt3NC
8e
91% yield, 62% ee  
 (S)-(-)-Benzyl 2-cyano-2-naphthyl-2-triethylsiloxyacetate (8e).  The title compound 
was prepared according to General Procedure C using 60 mg (0.22 mmol) of acylsilane, 72 
mg (0.44 mmol) of benzyl cyanoformate, 19 mg (0.033 mmol) of 26-Cl, and 5.4 mL of C7H8.  
After 72 h at 45 °C, the crude product was purified by flash chromatography with 95:5 
petroleum ether-EtOAc to afford 86 mg (91%) of 8e as a colorless oil in 62% ee as 
determined by chiral SFC analysis (Chiralpak AD, 1.0% MeOH, 1.5 mL/min, 150 psi, 40 °C, 
240 nm, tr-minor 37.8 min, tr-major 43.4 min).  Analytical data for title compound: [α]D 25 –4.58 
(c = 2.59, CH2Cl2); IR (thin film, cm-1) 3064, 3035, 2956, 2877, 2243, 1767, 1508, 1456, 
1414, 1375, 1260, 1227, 1171, 1142; 1H NMR (400 MHz, CDCl3) δ  8.10-8.13 (m, 1H), 
7.79-7.86 (m, 3H), 7.63-7.68 (m, 1H), 7.48-7.53 (m, 2H), 7.13-7.23 (m, 5H), 5.16 (s, 1H), 
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5.15 (s, 1H), 0.94 (t, J = 8.0 Hz, 9H), 0.68-0.75 (m, 6H); 13C NMR (75 MHz, CDCl3) δ  
167.0 134.5, 134.0, 133.9, 132.9, 129.0, 128.8, 128.7, 128.6, 128.2, 127.9, 127.4, 126.9, 
125.6, 122.7, 118.3, 75.4, 69.0, 6.8, 5.5; TLC (95:5 hexanes/EtOAc) Rf  0.41; Anal. Calcd for 
C26H29NO3Si: C, 72.35; H, 6.77; N, 3.25. Found: C, 72.26; H, 6.85; N, 3.09. 
SiEt3
O
NC OBn
O
+ 26-Cl (15 mol %)
C7H8, 45
 oC
CO2Bn
OSiEt3NC
8f
84% yield, 82% ee
MeO MeO
 
 (S)-(-)-Benzyl 2-cyano-2-(4-methoxy)phenyl-2-triethylsiloxyacetate (8f).  The title 
compound was prepared according to General Procedure C using 60 mg (0.24 mmol) of 
acylsilane, 77.2 mg (0.48 mmol) of benzyl cyanoformate, 21.2 mg (0.04 mmol) of 26-Cl, and 
2.4 mL of C7H8.  After 72 h at 45 °C, the crude product was purified by flash 
chromatography (gradient from 97.5:2.5 petroleum ether-MeOtBu to 95:5 petroleum ether-
MeOtBu) to afford 82.6 mg (84%) of 8f as a colorless oil in 82% ee as determined by chiral 
SFC analysis (Chiralpak OD, 0.5% MeOH, 0.5 mL/min, 150 psi, 40 °C, 240 nm, tr-major 59.4 
min, tr-minor 68.6 min).  Analytical data for title compound: [α]D 25 –0.77 (c = 2.48, CH2Cl2); 
IR (thin film, cm-1) 3035, 2956, 2877, 2838, 2242, 1767, 1585, 1458, 1417, 1377, 1255; 1H 
NMR (400 MHz, CDCl3) δ  7.51 (dd, J = 6.8, 2.0 Hz, 2H), 7.27-7.29 (m, 3H), 7.19-7.20 (m, 
2H), 6.85 (dd, J = 6.8, 2.0 Hz, 2H), 5.16 (s, 2H), 3.79 (s, 3H), 0.92 (t, J = 8.0 Hz, 9H), 0.70-
0.64 (m, 6H); 13C NMR (100 MHz, CDCl3) δ  167.2, 160.8, 134.6, 128.8, 128.6, 128.4, 
128.1, 118.4, 114.3, 74.9, 55.5, 6.8, 5.4; TLC (95:5 petroleum ether-MeOtBu) Rf  0.22; 
Attempts to obtain acceptable combustion analysis were not successful. See Supporting 
Information in reference 18 for a 1H NMR spectrum. 
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SiEt3
O
NC OBn
O
+ 26-Cl (15 mol %)
C7H8, 45
 oC
CO2Bn
OSiEt3NC
8g
91% yield, 64% ee
ClCl
 
 (S)-(+)-Benzyl 2-cyano-2-(4-chloro)phenyl-2-triethylsiloxyacetate (8g).  The title 
compound was prepared according to General Procedure C using 60 mg (0.24 mmol) of 
acylsilane, 76 mg (0.47 mmol) of benzyl cyanoformate, 21 mg (0.036 mmol) of 26-Cl, and 
4.8 mL of C7H8.  After 72 h at 45 °C, the crude product was purified by flash 
chromatography with 95:5 petroleum ether-EtOAc to afford 90 mg (91%) of 8g as a colorless 
oil in 64% ee as determined by chiral SFC analysis after reduction of the nitrile and 
protecting as the N-BOC amide.  Analytical data for title compound: [α]D 25 +2.8 (c = 1.04, 
CH2Cl2); IR (thin film, cm-1) 3035, 2958, 2877, 2242, 1767, 1593, 1489, 1456, 1402, 1377, 
1240, 1191; 1H NMR (400 MHz, CDCl3) δ  7.55-7.57 (m, 2H), 7.36-7.31 (m, 5H), 7.23-7.21 
(m, 2H), 5.19 (s, 2H), 0.95 (t, J = 8.0 Hz, 9H), 0.75-0.69 (m, 6H); 13C NMR (100 MHz, 
CDCl3) δ  166.7, 136.1, 135.4, 134.3, 129.2, 129.0, 128.8, 128.4, 127.1, 117.9, 74.6, 69.2, 
6.8, 5.4; TLC (95:5 petroleum ether-EtOAc) Rf  0.47; Anal. Calcd for C22H26ClNO3Si: C, 
63.52; H, 6.30; N, 3.37. Found: C, 63.65; H, 6.42; N, 3.50. 
SiEt3
O
NC OEt
O
+ 26-Cl (15 mol %)
C7H8, 45
 oC
CO2Et
OSiEt3NC
8h
88% yield, 61% ee
ClCl
 
 (S)-(-)-Ethyl 2-cyano-2-(4-chloro)phenyl-2-triethylsiloxyacetate (8h).  The title 
compound was prepared according to General Procedure C using 60 mg (0.24 mmol) of 
acylsilane, 46.6 mg (0.47 mmol) of ethylcyanoformate, 21 mg (0.036 mmol) of 26-Cl, and 
4.8 mL of C7H8.  After 72 h at 45 °C, the crude product was purified by flash 
 64
chromatography with 95:5 petroleum ether-EtOAc to afford 75 mg (88%) of 8h as a colorless 
oil in 61% ee as determined by chiral SFC analysis after reduction of the nitrile and coupling 
to (S)-mandelic acid.  Analytical data for title compound: [α]D 25 –3.9 (c = 3.63, CH2Cl2); IR 
(thin film, cm-1) 3153, 3125, 2959, 2879, 2244, 1771, 1751, 1463, 1232, 1158, 1141, 1018, 
747; 1H NMR (400 MHz, CDCl3) δ 7.61 (dd, J = 8.7 Hz, 2.1 Hz, 2H), 7.39 (dd, J = 8.7 Hz, 
2.1 Hz, 2H), 4.23 (ABX, JAB = 10.8 Hz, JAX = 7.2 Hz, 2H), 1.25 (t, J = 7.2 Hz, 3H), 0.99 (t, J 
= 8.1 Hz, 9H), 0.77 (q, J = 8.1 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 166.7, 135.8, 135.4, 
128.9, 126.9, 117.9, 74.3, 63.6, 13.8, 6.6, 5.2; TLC (30:1 hexanes-EtOAc) Rf 0.2; Anal. 
Calcd for C17H24ClNO3Si: C, 57.69; H, 6.84; N, 3.96. Found: C, 57.93; H, 6.95; N, 4.01. 
SiEt3
O
NC OBn
O
+ 26-Cl (15 mol %)
C7H8, 45
 oC
CO2Bn
OSiEt3NC
8i
85% yield, 78% ee
FF
 
 (S)-(+)-Benzyl 2-cyano-2-(4-fluoro)phenyl-2-triethylsiloxyacetate (8i).  The title 
compound was prepared according to General Procedure C using 60 mg (0.25 mmol) of 
acylsilane, 82 mg (0.5 mmol) of benzyl cyanoformate, 22 mg (0.038 mmol) of 26-Cl, and 5.1 
mL of C7H8.  After 72 h at 45 °C, the crude product was purified by flash chromatography 
with 95:5 hexanes-EtOAc to afford 85 mg (85%) of 8i as a colorless oil in 78% ee as 
determined by chiral SFC analysis after reduction of the nitrile and protecting as the N-BOC 
amide.  Analytical data for title compound: [α]D 25 +4.98 (c = 4.3, CH2Cl2); IR (thin film, cm-
1) 3069, 3036, 2959, 2879, 2243, 1766, 1605, 1507, 1457, 1412, 1377, 1230, 1190, 1156; 1H 
NMR (300 MHz, CDCl3) δ  7.65-7.58 (m, 2H), 7.33-7.30 (m, 3H), 7.23-7.19 (m, 2H), 7.08-
7.02 (m, 2H), 5.19 (s, 2H), 1.00-0.92 (m, 9H), 0.76-0.68 (m, 6H); 13C NMR (75 MHz, 
CDCl3) δ 166.9, 165.3, 162.0, 134.4, 132.7, 132.6, 128.9, 128.8, 128.4, 127.8, 127.7, 118.1, 
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116.1, 115.8, 74.6, 69.1, 6.8, 5.4; TLC (95:5 Hexanes-EtOAc) Rf  0.36; Anal. Calcd for 
C22H26FNO3Si: C, 66.14; H, 6.56; N, 3.51. Found: C, 66.43; H, 6.70; N, 3.62. 
SiEt3
O
NC OBn
O
+ 26-Cl (15 mol %)
C7H8, 45
 oC
CO2Bn
OSiEt3NC
8j
70% yield, 64% ee
NCNC
 
 (S)-(+)-Benzyl 2-cyano-2-(4-cyano)phenyl-2-triethylsiloxyacetate (8j).  The title 
compound was prepared according to General Procedure C using 60 mg (0.25 mmol) of 
acylsilane, 79 mg (0.5 mmol) of benzyl cyanoformate, 22 mg (0.037 mmol) of 26-Cl, and 4.9 
mL of C7H8.  After 72 h at 45 °C, the crude product was purified by flash chromatography 
with 95:5 hexanes-EtOAc to afford 70 mg (70%) of 8j as a colorless oil in 64% ee as 
determined by chiral SFC analysis (Chiralpak OD, 0.40 % MeOH, 2.00 mL/min, 150 psi, 40 
°C, 240 nm, tr-major 39.8 min, tr-minor 32.8 min).  Analytical data for title compound: [α]D 25 
+6.40 (c = 3.2, CH2Cl2); IR (thin film, cm-1) 2961, 2878, 2232, 1767, 1457, 1241, 1156, 
1018, 854; 1H NMR (300 MHz, CDCl3) δ  7.76-7.73 (m, 2H), 7.68-7.65 (m, 2H), 7.34-7.30 
(m, 3H), 7.23-7.18 (m, 2H), 5.20 (s, 1H), 5.19 (s, 1H), 0.99-0.90 (m, 9H), 0.80-0.072 (m, 
6H); 13C NMR (75 MHz, CDCl3) δ 166.2, 141.6, 134.0, 132.7, 129.2, 128.9, 126.5, 118.2, 
117.5, 115.0, 77.5, 69.6, 6.8, 5.4; TLC (95:5 hexanes-EtOAc) Rf  0.17; Anal. Calcd for 
C23H26N2O3Si: C, 67.95; H, 6.45; N, 6.89. Found: C, 67.97; H, 6.50; N, 6.98. 
 
 General procedure (D) for the reduction of nitriles (8) to amines via H2/Raney Ni.  
Nitrile 8 (0.19 mmol ) was added to a 20-mL vial equipped with a magnetic stir bar.  Raney 
Ni (0.4 mL of a 50% dispersion in H2O) was added followed by 95 % EtOH (4 mL).  The 
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vial was placed in a hydrogenation apparatus, purged with H2 three times and charged to the 
indicated pressure.  After the given amount of time the vessel was vented and the reaction 
was filtered through a bed a celite, and rinsed with CH2Cl2. The extracts were dried (Na2SO4) 
and concentrated in vacuo. The crude product was purified by flash chromatography using 
the indicated solvent system to afford the pure amine. 
H2 (100 psi) CO2Et
OSiEt3
CO2Et
OSiEt3NC H2N
Raney Ni
EtOH
8c 32  
 (S)-(+)-3-Amino-2-phenyl-2-triethylsilyloxypropionic acid ethyl ester (32).  The title 
compound was prepared according to General Procedure D using 62 mg (0.19 mmol) of 8c, 
0.4 mL of Raney Ni dispersion, and 100 psi of H2.  Workup following General Procedure D 
afforded the crude product which was purified by flash chromatography (5:20:80 Et3N-
EtOAc-petroleum ether) to yield 45 mg (72%) of 32 as a colorless oil.  Analytical data for 
title compound: [α]D 25 +26.4 (c = 1.75, CH2Cl2, 77% ee); IR (thin film, cm-1) 3394, 3059, 
2960, 2875, 1720, 1601, 1448, 1367, 1265, 1016; 1H NMR (300 MHz, CDCl3) δ  7.45-7.40 
(m, 2H), 7.44-7.23 (m, 3H), 4.25 (ABX, JAB = 10.8 Hz, JAX = 7.2 Hz, 1H), 4.17 (ABX, JAB = 
10.8 Hz, JAX = 7.2 Hz, 1H), 3.15-3.08 (m, 2H), 1.26 (t, J = 7.2 Hz, 3H), 0.93 (t, J = 7.8 Hz, 
9H), 0.67-0.48 (m, 6H); 13C NMR (75 MHz, CDCl3) δ 173.3, 141.1, 128.6, 128.5, 128.4, 
127.9, 126.0, 125.9, 125.8, 77.4, 61.7, 52.7, 14.3, 7.5, 6.7; TLC (5:20:80 Et3N-EtOAc-
petroleum ether) Rf 0.40; Anal. Calcd for C17H29NO3Si: C, 63.02; H, 9.04; N, 4.33. Found: 
C, 62.83; H, 8.94; N, 4.34. 
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H2 (100 psi) CO2Et
OSiEt3
CO2Et
OSiEt3NC H2N
Raney Ni
EtOH
32
Cl
8h  
 (S)-(+)-3-Amino-2-phenyl-2-triethylsilyloxypropionic acid ethyl ester (32).  The title 
compound was prepared according to General Procedure D using 97 mg (0.27 mmol) of 
nitrile 8h, 0.4 mL of Raney Ni dispersion, and 100 psi of H2.  Work up following General 
Procedure D afforded the crude product which was purified by flash chromatography 
(5:20:80 Et3N-EtOAc-petroleum ether) to yield 45 mg (72%) of 32 (the C-Cl bond was 
unexpectedly hydrogenated) as a colorless oil.  Analytical data for title compound matched 
the data reported above for 34: [α]D 25 +20.5 (c = 1.3, CH2Cl2, 61% ee). 
 
 General procedure (E) for the reduction of nitriles (8) to amines with 
CoCl2/NaBH4.43  A 20-mL round bottom flask equipped with a stir bar was charged with 
CoCl2•6H2O (0.76 mmol), the nitrile (0.19 mmol) dissolved in MeOH (1 mL), and an 
additional 2 mL of MeOH.  This solution was chilled to 0 °C and NaBH4 (6.63 mmol) was 
carefully added in portions (evolution of H2!) to give a black suspension. Once H2 evolution 
had ceased, the reaction was warmed to 25 °C and stirred for an additional 30 min.  The 
indicated aqueous workup was applied (x μL H2O followed by addition of x μL of a 15% 
(w/w) NaOH solution, followed by an additional 3x μL H2O, where x = total amount of 
NaBH4 added in mg), the resultant mixture was filtered through a cotton plug, and the filtrate 
                                                 
(43) Heinzman, S. W.; Ganem, B. J. Am. Chem. Soc 1982, 104, 6801-6802. 
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was dried (MgSO4).  Concentration in vacuo gave the crude product which was purified by 
flash chromatography.  
NaBH4/CoCl2·6H2O CO2Bn
OSiEt3
CO2Bn
OSiEt3NC H2N
MeOH
48%
8a 33  
 (S)-(+)-3-Amino-2-phenyl-2-triethylsilyloxypropionic acid benzyl ester (33).  The title 
compound was prepared according to General Procedure E using 81 mg (0.21 mmol) of the 
nitrile, 201 mg of CoCl2•6H2O (0.85 mmol), 280 mg (7.35 mmol) NaBH4, and 4 mL of 
MeOH.  Workup following General Procedure E (280 μL H2O followed by addition of 280 
μL of a 15% (w/w) NaOH solution, followed by an additional 840 μL H2O) afforded the 
crude product which was purified by flash chromatography (5:20:80 Et3N-EtOAc-petroleum 
ether) to yield 39 mg (48%) of 33 as a colorless oil.  Analytical data for title compound: 
[α]D25 +26.4 (c = 1.75, CH2Cl2, 79% ee); 1H NMR (400 MHz, CDCl3) δ 7.41-7.34 (m, 2H), 
7.35-7.23 (m, 8H), 5.25 (d, J = 12.4 Hz, 1H), 5.12 (d, J = 12.4 Hz, 1H), 3.20-3.12 (m, 2H), 
0.89 (t, J = 7.6 Hz, 9H), 0.64-0.49 (m, 6H); TLC (5:20:80 Et3N-EtOAc-petroleum ether) Rf 
0.27. 
NaBH4/CoCl2·6H2O CO2Bn
OSitBuMe2
CO2Bn
OSitBuMe2NC H2N
MeOH
38%
8b 40  
 (S)-(+)-3-Amino-2-phenyl-2-tert-butyldimethylsilyloxypropionic acid benzyl ester 
(40).  The title compound was prepared according to General Procedure E using 71 mg (0.19 
mmol) of nitrile 8b, 181 mg of CoCl2•6H2O (0.76 mmol), 250 mg (6.63 mmol) NaBH4, and 4 
mL of MeOH.  Workup following General Procedure E (250 μL H2O followed by addition 
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of 250 μL of a 15% (w/w) NaOH solution, followed by an additional 750 μL H2O) afforded 
the crude product which was purified by flash chromatography (5:20:80 Et3N-EtOAc-
petroleum ether) to yield 28 mg (38%) of amine 40 as a colorless oil.  Analytical data for title 
compound: [α]D 25 +21.4 (c = 1.32, CH2Cl2, 64% ee); 1H NMR (400 MHz, CDCl3) δ  7.39-
7.33 (m, 2H), 7.31-7.20 (m, 8H), 5.23 (d, J = 12.0 Hz, 1H), 5.06 (d, J = 12.0 Hz, 1H), 3.25 
(br s, 2H), 1.41 (br s, 2H), 0.92 (s, 9H), 0.04 (s, 3H), 0.00 (s, 3H); 13C NMR (75 MHz, 
CDCl3) δ 172.9, 140.7, 135.4, 128.7, 128.6, 128.5, 128.2, 128.1, 126.0, 77.4, 67.3, 51.6, 26.3, 
19.1, -2.7, -3.1; TLC (5:20:80 Et3N-EtOAc-petroleum ether) Rf 0.27. 
 General procedure (F) for the reduction of nitriles (8) to N-BOC protected amines 
with (BOC)2O/CoCl2/NaBH4.  A 20-mL round bottom flask equipped with a stir bar was 
charged with CoCl2•6H2O (0.76 mmol), the nitrile (0.19 mmol) dissolved in MeOH (1 mL), 
tert-butoxycarbonyl anhydride ((BOC)2O, 0.38 mmol), and an additional 2 mL of MeOH.  
This solution was chilled to 0 °C and NaBH4 (6.6 mmol) was carefully added in portions 
(evolution of H2!) to give a black suspension. Once H2 evolution had ceased, the reaction was 
warmed to 25 °C and stirred for an additional 30 min.  The indicated aqueous workup was 
applied (x μL H2O followed by addition of x μL of a 15% (w/w) NaOH solution, followed by 
an additional 3x μL H2O, where x = total amount of NaBH4 added in mg).  The resultant 
mixture was filtered through a cotton plug and the filtrate was dried (MgSO4).  Concentration 
in vacuo gave the crude product which was purified by flash chromatography using the 
indicated eluent.  
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NaBH4/CoCl2·6H2O
CO2Bn
OSiEt3
CO2Bn
OSiEt3NC (BOC)HN
MeOH
46%Cl Cl
+ (BOC)2O
8g 34  
 (S)-(+)-3-tert-Butoxycarbonylamino-2-(4-chlorophenyl)-2-triethylsilyloxypropionic 
acid benzyl ester (34).  The title compound was prepared according to General Procedure F 
using 59 mg (0.14 mmol) of nitrile 8g, 133 mg of CoCl2•6H2O (0.560 mmol), 186 mg (4.90 
mmol) NaBH4, and 4 mL of MeOH.  Workup following General Procedure F (185 μL H2O 
followed by addition of 185 μL of a 15% (w/w) NaOH solution, followed by an additional 
555 μL H2O) afforded the crude product which was purified by flash chromatography 
(5:20:80 Et3N-EtOAc-petroleum ether) to yield 33 mg (46%) of 34 as a colorless oil in 64% 
ee as determined by chiral SFC analysis (Whelk-O 1, 1.0 % MeOH, 1.5 mL/min, 150 psi, 40 
°C, 240 nm, tr-major 26.8 min, tr-minor 29.1 min).  Analytical data for title compound: [α]D 25 
+17.0 (c = 1.98, CH2Cl2, 64% ee); IR (thin film, cm-1) 3456, 2956, 2875, 1747, 1726, 1595, 
1495, 1456, 1392, 1367, 1232, 1163 1H NMR (300 MHz, CDCl3) δ 7.37-7.25 (m, 9H), 5.24-
5.12 (m, 2H), 4.69-4.61 (m, 1H), 3.79-3.63 (m, 2H), 1.34 (s, 9H), 0.92 (t, J = 8.1 Hz, 9H), 
0.67-0.51 (m, 6H); 13C NMR (75 MHz, CDCl3) δ 172.2, 155.8, 138.7, 134.2, 128.8, 128.7, 
128.5, 128.4, 127.5, 81.1, 79.5, 67.8, 49.4, 28.5, 7.3, 6.5; TLC (5:95 EtOAc-petroleum ether) 
Rf 0.27. 
NaBH4/CoCl2·6H2O
CO2Bn
OSiEt3
CO2Bn
OSiEt3NC (BOC)HN
MeOH
30%F F
+ (BOC)2O
8i 41  
 (S)-3-tert-Butoxycarbonylamino-2-(4-fluorophenyl)-2-triethylsilyloxypropionic acid 
benzyl ester (41).  The title compound was prepared according to General Procedure F using 
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42 mg (0.11 mmol) of nitrile 8i, 100 mg of CoCl2•6H2O (0.420 mmol), 139 mg (3.70 mmol) 
NaBH4, and 4 mL of MeOH.  Workup following General Procedure F (185 μL H2O followed 
by addition of 185 μL of a 15% (w/w) NaOH solution, followed by an additional 555 μL 
H2O) afforded the crude product which was purified by flash chromatography (95:5 
Hexanes-EtOAc) to yield 28 mg (30%) of 41 as a colorless oil in 78% ee as determined by 
chiral SFC analysis (Whelk-O 1, 1.0 % MeOH, 1.5 mL/min, 150 psi, 40 °C, 240 nm, tr-major 
19.7 min, tr-minor 21.6 min).  Analytical data for title compound: 1H NMR (300 MHz, 
CDCl3) δ 7.41-7.26 (m, 7H), 6.97 (t, J = 8.7 Hz, 2H), 5.18 (d, J = 12.3 Hz, 1H), 5.11 (d, J = 
12.3 Hz, 1H), 4.71-4.62 (m, 1H), 3.80 (dd, J = 13.8, 6.0 Hz, 1H), 3.67 (dd, J = 13.5, 6.0 Hz, 
1H), 1.33 (s, 9H), 0.91 (t, J = 8.0 Hz, 9H), 0.69-0.50 (m, 6H); 13C NMR (75 MHz, CDCl3) δ 
172.4, 164.3, 161.0, 155.8, 135.9, 135.0, 128.8, 128.7, 127.9, 127.8, 115.4, 115.1, 81.1, 79.5, 
67.8, 49.5, 28.6, 7.3, 6.5; TLC (95:5 Hexanes-EtOAc) Rf 0.17. 
CO2Et
OSiEt3
CO2Et
OSiEt3 HN
+
OPh
HOH2N
Ph CO2H
OH
N-Hydroxysuccinimide
32 42
DCC
THF
 
 (2S)-Phenyl-3-((2S)-hydroxy-2-phenyl acetylamino)-2-triethylsilyloxypropionic acid 
ethyl ester (42).  To a 25-mL round bottom flask equipped with a magnetic stir bar was 
added (S)-mandelic acid (5.2 mg, 0.034 mmol, 1.1 equiv), N-hydroxysuccinimide (3.9 mg, 
0.034, 1.1 equiv), and dicyclohexylcarbodiimide (7.0 mg, 0.034 mmol, 1.1 equiv).  The flask 
was fitted with a septum, purged with Ar, and THF (1 mL) was added with stirring. After 30 
min, a white precipitate formed, after which amine 32 (10 mg, 0.031 mmol, 1.0 equiv), 
dissolved in THF (2 mL) was added via cannula.  After 1 h, the solvent was removed by 
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rotary evaporator and the crude product was purified by flash chromatography (5:20:80 Et3N-
EtOAc-petroleum ether) to yield 13 mg (89%) of the pure product as a white solid in 77% de 
as determined by chiral SFC analysis (Chiralpak OD, 5.0 % MeOH, 1.5 mL/min, 150 psi, 40 
°C, 240 nm, tr-major 23.7 min, tr-minor 26.6 min). Analytical data for title compound (1:1 
mixture of diastereomers): 1H NMR (300 MHz, CDCl3) δ 7.43-7.17 (m, 16H), 7.10-7.02 (m, 
2H), 6.50-6.39 (m, 2H), 4.83 (d, J = 3.0 Hz, 1H), 4.80 (d, J = 3.0 Hz, 1H), 4.24-3.98 (m, 4H), 
3.94-3.66 (m, 4H), 1.23 (t, J = 7.2 Hz, 3H), 1.16 (t, J = 7.2 Hz, 3H), 0.98-0.84 (m, 18H), 
0.68-0.49 (m, 12H); 13C NMR (75 MHz, CDCl3) δ 172.3, 172.2, 172.0, 172.0, 139.8, 139.8, 
139.4, 139.3, 128.9, 128.8, 128.6, 128.6, 128.5, 128.5, 128.4, 128.4, 128.3, 127.0, 126.9, 
125.8, 125.7, 81.3, 81.0, 74.2, 74.1, 62.1, 62.0, 48.5, 48.2, 14.1, 14.0, 7.3, 7.3, 6.5, 6.4; TLC 
(5:20:80 Et3N-EtOAc-petroleum ether) Rf 0.19. 
 General procedure (G) for the cyclization of primary amines to β-lactams.  To a 
solution of the amine (0.061 mmol) in Et2O (2 mL) under Ar was added MeMgBr (0.18 
mmol) at 0 °C with stirring.  After 15 min, the solution was warmed to 23 °C and stirring was 
maintained for 12 h, after which it was quenched by the addition of saturated NH4Cl (aq) 
solution.  The layers were separated and the water layer was extracted with Et2O (3 x 10 
mL).  The combined organic layers were dried (MgSO4) and concentrated to give the crude 
β-lactam which was purified by flash chromatography using the indicated eluent.  
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CO2Et
OSiEt3H2N HN
OSiEt3
O
MeMgBr
Et2O
32 35  
 (S)-(-)-3-Phenyl-3-triethylsilyloxyazetidin-2-one (35). The title compound was prepared 
according to General Procedure G using 45 mg (0.14 mmol) of amine 32, 92 μL of MeMgBr 
(3.0 M in Et2O, 0.28 mmol), and 1.4 mL Et2O.  Workup following General Procedure G 
afforded the crude product which was purified by flash chromatography (5:20:80 Et3N-
EtOAc-petroleum ether) to yield 19 mg (50%) of 35 as a colorless oil.  Analytical data for 
title compound: [α]D 25 -11.3 (c = 0.96, CH2Cl2, 63% ee); 1H NMR (300 MHz, CDCl3) δ  
7.52-7.47 (m, 2H), 7.38-7.24 (m, 3H), 6.02 (br s, 1H), 3.57 (d, J = 5.4 Hz, 1H), 3.52 (d, J = 
5.4 Hz, 1H), 0.88 (t, J = 7.8 Hz, 9H), 0.70-0.50 (m, 6H); 13C NMR (75 MHz, CDCl3) δ 
170.1, 139.9, 128.7, 128.4, 125.8, 89.2, 55.2, 6.9, 5.8; TLC (5:20:80 Et3N-EtOAc-petroleum 
ether) Rf 0.31.  
CO2Bn
OSiEt3H2N HN
OSiEt3
O
MeMgBr
Et2O
33 35  
 (S)-(-)-3-Phenyl-3-triethylsilyloxyazetidin-2-one (35). The title compound was prepared 
according to General Procedure G using 24 mg (0.061 mmol) of amine 33, 61 μL of 
MeMgBr (3.0 M in Et2O, 0.18 mmol), and 2 mL Et2O.  Workup following General Procedure 
G afforded the crude product which was purified by flash chromatography (5:20:80 Et3N-
EtOAc-petroleum ether) to yield 11 mg (67%) of 35 as a colorless oil.  Analytical data for 
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title compound matched the data reported above for 35: [α]D 25 –20.0 (c = 0.46, CH2Cl2, 78% 
ee). 
CO2Bn
OSitBuMe2H2N
HN
OSitBuMe2
O
MeMgBr
Et2O
40 40a  
 (S)-(-)-3-(tert-Butyldimethylsilyloxy)-3-phenylazetidin-2-one (40a). The title 
compound was prepared according to General Procedure G using 18 mg (0.047 mmol) of 
amine, 47 μL of MeMgBr (3.0 M in Et2O, 0.14 mmol), and 2 mL Et2O.  Workup following 
General Procedure G afforded the crude product which was purified by flash 
chromatography (5:20:80 Et3N-EtOAc-petroleum ether) to yield 7.3 mg (56%) of 40a as a 
colorless oil.  Analytical data for 40a : [α]D 25 –10.6 (c = 0.37, CH2Cl2, 64% ee); 1H NMR 
(300 MHz, CDCl3) δ  7.51-7.46 (m, 2H), 7.39-7.27 (m, 3H), 5.97 (br s, 1H), 3.56 (d, J = 5.4 
Hz, 1H), 3.52 (d, J = 5.4 Hz), 0.90 (s, 9H), 0.10 (s, 3H), -0.01 (s, 3H); 13C NMR (75 MHz, 
CDCl3) δ 170.0 139.8, 128.7, 128.4, 125.9, 89.3, 55.2, 25.9, 18.4, -3.4, -3.5; TLC (5:20:80 
Et3N-EtOAc-petroleum ether) Rf 0.31. 
HN
OSiEt3
O
1.) NaH; THF
2.) MeI
MeN
OSiEt3
O
35 35a  
 (S)-1-Methyl-3-phenyl-3-triethylsilyloxyazetidin-2-one (35a). To a suspension of NaH 
(50% dispersion in mineral oil, 5.0 mg, 0.10 mmol; previously washed under Ar with 
hexane) in THF (1 mL) was added β-lactam 35 (19.2 mg, 0.069 mmol) in THF (1.5 mL) via 
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cannula at 0 °C.  After stirring for 30 min, the reaction was cooled to -78 °C and 6 μL of MeI 
(14.2 mg, 0.10 mmol) was added by syringe.  TLC indicated that the reaction was complete 
after 3 h.  The reaction was discontinued by addition of a saturated NH4Cl (aq) solution.  The 
organic and aqueous layers were separated, the aqueous layer was extracted with Et2O (3 x 5 
mL), the organic layers were combined and dried (MgSO4).  Concentration of the organic 
layer in vacuo gave 20.1 mg (100%) of the product as a colorless oil which was used without 
further purification.  Analytical data for title compound: 1H NMR (400 MHz, CDCl3) δ 7.49-
7.42 (m, 2H), 7.35-7.23 (m, 3H), 3.49 (d, J = 5.2 Hz, 1H), 3.46 (d, J = 5.2 Hz, 1H), 2.91 (s, 
3H), 0.86 (t, J = 8.0 Hz, 9H), 0.68-0.51 (m, 6H); TLC (5:20:80 Et3N-EtOAc-petroleum ether) 
Rf 0.46. 
MeN
OSiEt3
O
MeN
OH
O
TBAF
THF
35a 36  
 (S)-(-)-1-Methyl-3-phenyl-3-hydroxyazetidin-2-one (36). To a solution of β-lactam 35a 
(20 mg, 0.069) in THF (2 mL) was added 69 μL of tetrabutylammonium fluoride (1.0 M in 
THF, 0.069 mmol) at 0 °C.  After stirring for 30 min, the solvent was removed and the crude 
product was purified by flash chromatography (100% Et2O) to give 8.5 mg (70% for 2 steps) 
of the free alcohol which matched the analytical data previously reported in the literature.44  
Literature (S)-(-)(36): [α]D 25 –99.7 (c = 0.34, CHCl3, 99% ee) Experimental: [α]D 25 –54.2 
(c = 0.18, CHCl3, 63% ee); therefore compound 36 has an absolute configuration of (S).  
                                                 
(44) Kaftory, M. J. Org. Chem. 1988, 53, 4391-4393. 
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Analytical data for title compound: 1H NMR (300 MHz, CDCl3) δ 7.49-7.41 (m, 2H), 7.36-
7.25 (m, 3H), 5.17 (br s, 1H), 3.58 (d, J = 5.4 Hz, 1H), 3.48 (d, J = 5.4 Hz, 1H), 2.87 (s, 3H); 
13C NMR (75 MHz, CDCl3) δ 170.3, 138.6, 128.6, 128.4, 125.5, 86.2, 59.3, 28.5; TLC 
(Et2O) Rf 0.23. 
HN
OSiEt3
O
HN
OH
O
TBAF
THF
35 35b  
 (S)-(-)-3-Phenyl-3-hydroxyazetidin-2-one (35b). To a solution of β-lactam 35 (11 mg, 
0.041) in THF (2 mL) was added 45 μL of tetrabutylammonium fluoride (1.0 M in THF, 
0.045 mmol) at 0 °C.  After stirring for 30 min, the solvent was removed and the crude 
product was purified by flash chromatography (100% Et2O) to give 5.0 mg (75%) of 35b.  
Analytical data for title compound: [α]D25 –57.4 (c = 0.25, CHCl3, 80% ee); 1H NMR (400 
MHz, CDCl3) δ  7.51-7.42 (m, 2H), 7.40-7.28 (m, 3H), 6.26 (br s, 1H), 3.90 (br s, 1H), 3.64 
(d, J = 5.6 Hz, 1H), 3.54 (d, J = 5.6 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ 170.9, 138.4, 
129.0, 128.9, 125.6, 87.6, 53.9; TLC (Et2O) Rf 0.21. 
HN
OSitBuMe2
O
HN
OH
O
TBAF
THF
40a 35b  
 (S)-(-)-3-Phenyl-3-hydroxyazetidin-2-one (35b). To a solution of β-lactam 40a (7.3 mg, 
0.026) in THF (1 mL) was added 29 μL of tetrabutylammonium fluoride (1.0 M in THF, 
0.029 mmol) at 0 °C.  After stirring for 3 h, the solvent was removed and the crude product 
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was purified by flash chromatography (100% Et2O) to give 3.8 mg (90%) of the free alcohol 
which matched the data for the previously reported 35b.  [α]D25 –33.4 (c = 0.19, CHCl3, 64% 
ee). 
 
 General procedure (H) for the preparation of catalysts 26-X.45  To a flamed-dried 
Schlenk tube equipped with a magnetic stir bar was added, in a dry box, the salen ligand 
(1.49 mmol, 1.0 equiv), Al(OiPr)3 (1.49 mmol, 1.0 equiv), and the indicated amount of C7H8.  
The tube was sealed and heated to 80 °C and was maintained at that temperature with stirring 
for 72 h.  After 72 h, the green solution was transferred back to a glove box and the toluene 
was removed under reduced pressure.  The residual solid was washed with pentane three 
times and the solid was again dried under reduced pressure to give the pure 26-X.  
NN
ClHO
Me3C
OH
CMe3
Cl
NN
ClO
Me3C
O
CMe3
Cl Al
O
MeMe
+ Al(OiPr)3 80 °C
72 h
C7H8
26-Cl  
 (R,R)-26-Cl.  The catalyst was prepared according to General Procedure H using 900 mg 
(1.79 mmol) of salen ligand, 365 mg (1.79 mmol) of Al(OiPr)3, and 6 mL of toluene to give 
910 mg (87%) of 26-Cl as a yellow powder.  Analytical data for title compound: 1H NMR 
(400 MHz, CDCl3) δ  8.27 (s, 1H), 8.05 (s, 1H), 7.33 (d, J = 2.8 Hz, 1H), 7.31 (d, J = 2.8 Hz, 
1H), 7.08 (d, J = 2.8 Hz, 1H), 3.90-3.87 (m, 1H), 3.62 (sept, J = 6.0 Hz, 1H), 3.12-3.11 (m, 
                                                 
(45) Zhong, Z.; Dijkstra, P. J.; Feijen, J. Angew. Chem. Int. Ed. Engl. 2002, 41, 4510-4513. 
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1H), 2.56-2.52 (m, 1H), 2.37-2.34 (m, 1H), 2.08-2.05 (m, 2H), 1.50 (s, 18H), 1.47 (s, 18H), 
1.45-1.40 (m, 4H), 0.83 (d, J = 6.0 Hz), 0.79 (d, J = 6.0 Hz); 13C NMR (100 MHz, CDCl3) δ 
166.8, 164.8, 163.2, 161.4, 144.1, 143.9, 130.6, 130.5, 130.2, 130.1, 120.9, 120.5, 120.1, 
119.9, 63.2, 62.9, 62.7, 35.9, 35.8, 29.9, 29.8, 29.7, 29.6, 27.6, 27.5, 27.4, 27.3. 
NN
CMe3HO
Me3C
OH
CMe3
Me3C
NN
CMe3O
Me3C
O
CMe3
Me3C Al
O
MeMe
+ Al(OiPr)3 80 °C
72 h
26-tBu
C7H8
 
 (R,R)-26-tBu.  The catalyst was prepared according to General Procedure H using 750 mg 
(1.44 mmol) of salen ligand, 295 mg (1.44 mmol) of Al(OiPr)3, and 5 mL of toluene to give 
864 mg (95%) of 26-tBu that match the previously reported spectroscopic data.45  Analytical 
data for title compound: 1H NMR (300 MHz, CDCl3) δ 8.36 (s, 1H), 8.15 (s, 1H), 7.49 (d, J 
= 2.7 Hz, 1H), 7.47 (d, J = 2.7 Hz, 1H), 7.05 (d, J = 2.7 Hz, 1H), 6.98 (d, J = 2.7 Hz, 1H), 
3.97-3.87 (m, 1H), 3.71 (sept, J = 5.7 Hz, 1H), 3.10-3.00 (m, 1H), 2.65-2.57 (m, 1H), 2.46-
2.39 (m, 1H), 2.11-2.02 (m, 2H), 1.55 (s, 9H), 1.52 (s, 9H), 1.52-1.47 (m, 4H), 1.30 (s, 9H), 
1.29 (s, 9H), 0.89 (d, J = 5.7 Hz, 3H), 0.85 (d, J = 5.7 Hz, 3H). 
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NN
OMeHO
Me3C
OH
CMe3
MeO
NN
OMeO
Me3C
O
CMe3
MeO Al
O
MeMe
+ Al(OiPr)3 80 °C
72 h
26-OMe
C7H8
 
 (R,R)-26-OMe.  The catalyst was prepared according to General Procedure H using 700 
mg (1.42 mmol) of salen ligand, 289 mg (1.42 mmol) of Al(OiPr)3, and 5 mL of toluene to 
give 764 mg (93 %) of 26-OMe as a yellow powder.  Analytical data for title compound: 1H 
NMR (400 MHz, CDCl3) δ 8.31 (s, 1H), 8.09 (s, 1H), 7.11 (d, J = 3.3 Hz, 1H), 7.07 (d, J = 
3.0 Hz, 1H), 6.53 (d, J = 3.0 Hz, 1H), 6.48 (d, J = 3.3 Hz, 1H), 3.94-3.83 (m, 1H), 3.75 (s, 
3H), 3.74 (s, 3H), 3.68 (sept, J = 6.0 Hz, 1H), 3.13-3.02 (m, 1H), 2.61-2.52 (m, 1H), 2.41-
2.36 (m, 1H), 2.10-2.00 (m, 2H), 1.52 (s, 9H), 1.49 (s, 9H), 1.49-1.37 (m, 4H), 0.84 (d, J = 
6.0 Hz, 3H), 0.80 (d, J = 6.0 Hz, 3H).  
NN
NMe2HO
Me3C
OH
CMe3
Me2N
NN
NMe2O
Me3C
O
CMe3
Me2N Al
O
MeMe
+ Al(OiPr)3 80 °C
72 h
26-NMe2
C7H8
 
 (R,R)-26-NMe2.  The catalyst was prepared according to General Procedure H using 65.0 
mg (0.125 mmol) of salen ligand, 25.5 mg (0.125 mmol) of Al(OiPr)3, and 1 mL of toluene to 
give 51.7 mg (68%) of 26-NMe2 as an orange powder.  Analytical data for title compound: 
1H NMR (400 MHz, CDCl3) δ 8.31 (s, 1H), 8.09 (s, 1H), 7.17 (d, J = 3.2 Hz, 1H), 7.13 (d, J 
= 3.2 Hz, 1H), 6.48 (d, J = 3.2 Hz, 1H), 6.43 (d, J = 3.2 Hz, 1H), 3.92-3.83 (m, 1H), 3.66 
(sept, J = 6.0 Hz, 1H), 3.10-3.01 (m, 1H), 2.79 (s, 6H), 2.77 (s, 6H), 2.58-2.52 (m, 1H), 2.39-
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2.33 (m, 1H), 2.08-2.00 (m, 2H), 1.54 (s, 9H), 1.50 (s, 9H), 1.50-1.35 (m, 4H), 0.83 (d, J = 
6.0 Hz, 3H), 0.81 (d, J = 6.0 Hz, 3H).  
NN
NO2HO
Me3C
OH
CMe3
O2N
NN
NO2O
Me3C
O
CMe3
O2N Al
O
MeMe
+ Al(OiPr)3 80 °C
72 h
26-NO2
C7H8
 
 (R,R)-26-NO2.  The catalyst was prepared according to General Procedure H using 300 
mg (0.57 mmol) of salen ligand, 117 mg (0.57 mmol) of Al(OiPr)3, and 3 mL of toluene to 
give 295 mg (85%) of 26-NO2 as a yellow powder.  Analytical data for title compound: 1H 
NMR (400 MHz, CDCl3) δ 8.47 (s, 1H), 8.33 (d, J = 2.8 Hz, 1H), 8.31 (d, J = 2.8 Hz, 1H), 
8.25 (s, 1H), 8.20 (d, J = 2.8 Hz, 1H), 8.19 (d, J = 2.8 Hz, 1H), 3.99-3.90 (m, 1H), 3.60 (sept, 
J = 6.0 Hz, 1H), 3.25-3.16 (m, 1H), 2.65-2.59 (m, 1H), 2.47-2.40 (m, 1H), 2.17-2.11 (m, 2H), 
1.54 (s, 9H), 1.51 (s, 9H), 1.50-1.40 (m, 4H), 0.83 (d, J = 6.0 Hz, 3H), 0.80 (d, J = 6.0 Hz, 
3H). 
+
NC OBn
O CDCl3
23 °C; 120 min
Fe(C5H5)2
O OBn
O
Me
Me
NC O
O
+
47% 42%
Me
Me
BnO OBn
O
CN(salen)Al
25
27
28 29
30
N
N
O
CMe3
Cl
O
CMe3
Cl
Al OiPr
26-Cl  
 Reaction of 26-Cl with NCC(O)OBn (25) in CDCl3 using Cp2Fe as internal standard 
(Figure 2-2).  In a dry box 12.0 mg (0.0205 mmol) of 26-Cl and 1.9 mg of Cp2Fe (0.0102 
mmol) were added to a vial and dissolved in CDCl3 (0.5 mL).  This solution was transferred 
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to an NMR tube and the tube was fitted with a septa.  Benzyl cyanoformate (6 μL, 0.041 
mmol) was then added via syringe.  A 1H NMR spectra was acquired (resonance at 5.30 ppm 
is the benzyl cyanoformate (25); resonance at 5.12 ppm is isopropyl benzyl carbonate (28); 
resonance at 1.35 ppm is isopropyl cyanoformate (29); resonance at 5.15 ppm is 
dibenzylcarbonate (30)) after 30 min, a second 1H NMR spectrum was acquired at 120 min.  
This spectrum shows complete consumption of 26-Cl.  The calculated yields of 28 and 29 are 
47% and 42%, respectively. 
 
 82
CHAPTER 3 
THREE COMPONENT COUPLING REACTIONS OF 
SILYLGLYOXYLATES, ALKYNES, AND ALDEHYDES: A 
CHEMOSELECTIVE ONE STEP GLYCOLATE ALDOL 
CONSTRUCTION 
3.1  Introduction 
 Multicomponent coupling reactions can effect sequential bond constructions and rapidly 
increase molecular complexity in a single synthetic operation.  In the previous chapters, it has 
been demonstrated that acylsilanes provide a center of reactivity for both nucleophiles and 
electrophiles by virtue of a [1,2]-Brook rearrangement.  Metallocyanide (vide supra) and 
metallophosphite1,2 nucleophiles reveal latent (silyloxy)carbanions of acylsilanes following a 
nucleophilic addition/[1,2]-Brook rearrangement sequence (Scheme 3-1).  Since silyl 
migration is facilitated by stabilization of the nascent anion by the nitrile or phosphonate 
groups, one might conjecture that extant electron-withdrawing functionality in the acylsilane
                                                 
(1) (a) Takeda, K.; Tanaka, T. Synlett 1999, 705-708.  (b) Reich, H. J.; Holtan, R. C.; Bolm, C. J. Am. Chem. 
Soc. 1990, 112, 5609-5617. 
(2) (a) Linghu, X.; Potnick, J. R.; Johnson, J. S. J. Am. Chem. Soc. 2004, 126, 3070-3071.  (b) Nahm, M. R.; 
Linghu, X.; Potnick, J. R.; Yates, C. M.; White, P. S.; Johnson, J. S. Angew. Chem. Int. Ed. 2005, 44, 2377-
2379.  (c) Nahm, M. R.; Potnick, J. R.; White, P. S.; Johnson, J. S. J. Am. Chem Soc. 2006, 128, 2751-2756. 
moiety may also promote silyl migration.  For this reason silylglyoxylates3 (1), a class of 
acylsilanes that possess an embedded anion stabilizing group, captured our attention.  If these 
requirements were met by silylglyoxylates, the range of nucleophiles that participate in this 
reaction manifold could be expanded. 
Scheme 3-1.  (Silyloxy)carbanion Generation via [1,2]-Brook Rearrangement 
O
SiR3R
1
MCN
P
O
MO
O
R1 M
OSiR3
CN
R1 M
OSiR3
P
O O
O
R1 M
OSiR3
EWG
O
SiR3EWG+R1
M
O
SiR3R
2O2C
1  
 Kuwajima4 and Reich5 have shown that alkynylation of aliphatic or vinylic acylsilanes 
initiates [1,2]-Brook rearrangement to furnish propargyl anions that can engage a variety of 
electrophiles (H+, DMF, 1° iodides, and disulfides) to give substituted silyloxyallenes (eq 1). 
A constraint in this chemistry that is common to multicomponent couplings is reagent 
incompatibility: the high reactivity of the alkali and alkaline earth acetylides employed by 
Kuwajima and Reich necessitate a stepwise introduction of acylsilane and aldehyde 
electrophiles.  We were interested in testing the feasibility of a single-pot process in which 
the metal acetylide was generated in the presence of both a silylglyoxylate and an aldehyde.  
                                                 
(3) Bolm, C.; Kasyan, A.; Heider, P.; Saladin, S.; Drauz, K.; Guenther, K.; Wagner, C. Org. Lett. 2002, 4, 2265-
2267. 
(4) Kuwajima, I.; Kato, M. Tetrahedron Lett. 1980, 21, 623-626. 
(5) Reich, H. J.; Eisenhart, E. K.; Olson, R. E.; Kelly, M. J. J. Am. Chem. Soc. 1986, 108, 7791-7800. 
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R SiMe3
O Li R'1)
2) E(+) R
OSiMe3
E
R'
E(+): H+, DMF, (RS)2, RCH2I
R = alkyl, vinyl
R' = alkyl, aryl
(1)
 
This would be viable only if the metal acetylide was a highly discriminating nucleophile.  
 Several reports of in situ metal acetylide formation with a Lewis acid and amine base have 
been described by Yamaguchi (eq 2) and Carreira (eq 3).6,7  In the presence of an aldehyde, 
these mild and operationally simple conditions afford secondary propargylic alcohols 
(Scheme 3-2).  Carreira’s report demonstrated that catalytic quantities of Zn(OTf)2 with an 
ephedrine-based ligand scaffold furnishes propargylic alcohols with high levels of 
enantiocontrol.  Of particular note in both examples is the reaction temperature; typical 
organometallic nucleophiles (RLi, RMgX, etc.) readily engage aldehydes at markedly lower 
temperatures. 
Scheme 3-2.  Metal Catalyzed Acetylide Addition to Aldehydes 
R H + R'CHO
Sn(OTf)2; NEt3
R'
OH
R
R H + R'CHO
Zn(OTf)2 (20 mol%)
R'
OH
R
(+)-N-methylephedrine 
(22 mol%)
R, R' = alkyl, aryl
yields = 57-91%
R, R' = alkyl, aryl
yields = 45-94%
ee = 86-99%
(2)
(3)
CH2Cl2
23 °C
NEt3 (50 mol%)
toluene
60 °C
 
                                                 
(6) Yamaguchi, M.; Hayashi, A.; Minami, T. J. Org. Chem. 1991, 56, 4091-4092. 
(7) (a) Frantz, D. E.; Fässler, R.; Carreira, E. M. J. Am. Chem. Soc. 2000, 122, 1806-1807.  (b) Anand, N. K.; 
Carreira, E. M. J. Am. Chem. Soc. 2001, 123, 9687-9688. 
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 Given the mild reactivity of zinc acetylides, we proposed a single pot reaction of zinc 
acetylides with silylglyoxylates and aldehydes (Scheme 3-3).  Selective addition of the zinc 
acetylide to the silylglyoxylate would afford zinc alkoxide 2, triggering a [1,2]-Brook 
rearrangement to arrive at Reformatsky type intermediate 3.  If 3 selectively adds to the 
aldehyde present in the same pot, following protonolysis, access to glycolate aldols (4) 
bearing two contiguous stereocenters could be realized.8 
Scheme 3-3.  Proposed Three Component Reaction 
O
SiR3R'O2C R
3CHOHR2
 ZnX2; R3N
1 OH
R'O2C
R'O2C
XZnO
SiR3 R'O2C
R3SiO
ZnX
+
+ R3NH
+ X¯
+
2 3 4
5
OZnX
R'O2C
R3SiO
H+
R3SiO
R2
R3
R2 R2
R3
R2
 
3.2  Results and Discussion 
3.2.1  Silylglyoxylate Preparation 
 Silylglyoxylates can be prepared in two steps from the corresponding diazoacetates (6)9 in 
a procedure developed by Bolm and coworkers.3  Treatment of benzyl diazoacetate with the 
desired silyl triflate in the presence of Hünig’s base at -78 °C furnished the corresponding 
                                                 
(8) Nicewicz, D. A.; Johnson, J. S. J. Am. Chem. Soc. 2005, 127, 6170-6171. 
(9) Diazoacetates that are not commercially available can be accessed by Doyle’s procedure: Doyle, M. P.; 
Bagheri, V.; Wandless, T. J.; Harn, N. K.; Brinker, D. A.; Eagle, C. T.; Loh, K. L., J. Am. Chem. Soc. 1990, 
112, 1906-1912. 
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benzyl silyldiazoacetate (7; R´ = Bn).  The resultant benzyl silyldiazoacetates were then 
subjected to propylene oxide and a catalytic amount of Rh2(OAc)4 (2 mol%) in refluxing 
toluene to afford a range of benzyl silylglyoxylates in good to excellent yields (Figure 3-1). 
Figure 3-1.  Silylglyoxylate Synthesis 
R´O2C
N2
H R´O2C
O
SiR3
Rh2(OAc)4 (2 mol %)
O
Me
R3SiOTf; 
iPr2NEt
R´O2C
N2
SiR3
6 7
BnO2C
O
SiMe3
82%
BnO2C
O
SiEt3
89%
BnO2C
O
SitBuMe2
95%
BnO2C
O
SiMe2Ph
85%
BnO2C
O
SiMePh2
88%
BnO2C
O
SiPh3
81%
(4)
1
 ; C7H8; 110 °CEt2O; -78 °C
 
 For the purposes of this study, we sought to prepare silylglyoxylates with varied ester and 
silyl functionalities.  However, using the Rh2(OAc)4/propylene oxide method, 
silylglyoxylates with more sizable silyl and/or ester moieties were accessed in low yield 
(entries 3 and 7, Table 3-1) or could not be synthesized (entry 5).  Alternatively, literature 
precedent suggested that oxo transfer could be mediated by dimethyldioxirane, formed in situ 
from Oxone® and acetone (Method B, eq 5).10  In addition, this would offer a cost effective 
alternative to the use of an expensive Rh2(OAc)4 catalyst. 
 This procedure generally afforded higher yields of the desired silylglyoxylates.  Previous 
attempts to synthesize tert-butyl triisopropylsilylglyoxylate using the Rh2(OAc)4/propylene 
oxide protocol were futile; however dimethyldioxirane provided the intended silylglyoxylate, 
albeit in modest yield (26%, cf. entries 5 and 6, Table 3-1).   
                                                 
(10) (a) Darkins, P.; McCarthy, N.; McKervey, M. A.; O’Donnell, K.; Ye, T.; Walker, B. Tetrahedron: 
Asymmetry 1994, 5, 195-198.  (b) Saba, A. Synth. Commun. 1994, 24, 695-699.  (c) Yao, W.; Wang, J. 
Org. Lett. 2003, 5, 1527-1530. 
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Table 3-1.  Silylglyoxylate Synthesis: A Comparison Study (Eq 5)a 
R'O2C
N2
H R'O2C
O
SiR3
Method A:
Rh2(OAc)4 (2-5 mol%)
               ; C7H8; 110 °C
1
O
Me
(5)Method B:
                ; CH2Cl2; 0 to 23 °CO O
Me Me
R3SiOTf; 
iPr2NEt
R'O2C
N2
SiR3
6 7
Et2O; -78 to -30 °C
 
entry R´ SiR3 method yield (%)b
1 tBu SiMe3 A 69 
2 tBu SiMe3 B 55 
3 tBu SitBuMe2 A 42 
4 tBu SitBuMe2 B 76 
5 tBu SiiPr3 A N.R. 
6 tBu SiiPr3 B 26c 
7 2,6-(iPr)2C6H4 SiMe3 A 13 
8 2,6-( iPr)2C6H4 SiMe3 B 59 
a) Intermediate 7 used without further purification in the next step.  b) Refers to the two step yield of 
the purified silylglyoxylate.  c) 1H NMR analysis of the crude mixture after treatment with TfOSiiPr3 
revealed only 31% conversion. 
 
Moreover, using Method B, tert-butyl tert-butyldimethylsilylglyoxylate (cf. entries 3 and 4) 
as well as 2,6-diisopropylphenyl trimethylsilylglyoxylate (cf. entries 7 and 8) were produced 
in significantly higher yields. 
3.2.2  Reaction Development 
 An evaluation of zinc salts confirmed the underlying premise and revealed ZnI2 as the 
optimal Lewis acid to promote the desired three component coupling depicted in Scheme 3-
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4.11  The initial silyl ether adduct was found to be susceptible to O→O silyl migration during 
the course of the reaction and therefore was isolated as the derived acetonide (8).  After some 
optimization, the following protocol was established: n-butyl trimethylsilylglyoxylate (1a), 
1-octyne, and benzaldehyde were added simultaneously to a suspension of 3.0 equiv of ZnI2 
and 3.3 equiv of NEt3 in toluene at -30 °C for 24 h.  Following exposure of the crude reaction 
to camphorsulfonic acid and 2,2-dimethoxypropane in acetone, acetonide 8 was isolated in 
51% yield as a 58:42 ratio of diastereomers  
Scheme 3-4.  Three Component Reaction: Initial Results 
O
SiMe3
++ C7H8, -30 °C
CSA, acetone
1a
PhCHOnBuO2C
nBuO2C
Ph
OH
OSiMe3
nBuO2C
Ph
OSiMe3
OH
+Me 5
H
nBuO2C
H
O
O
Me
Me
Ph
Me 5
Me
Me 5
5
ZnX2:
ZnCl2, ZnBr2, ZnI2, Zn(OTf)2
8
51%
58:42 d.r.
ZnX2, Et3N
(MeO)2CMe2
 
 Encouraged by this initial result, we sought to improve the diastereoselectivity of the 
reaction.  A previous report by Heathcock and coworkers described an increase in glycolate 
aldol diastereoselectivity as larger esters were employed.12  Contrary to these results, we 
unfortunately observed no general correlation between ester size and diastereoselectivity.  
While tert-butyl trimethylsilylglyoxylate gave elevated diastereoselectivity (74:26; cf. entries 
                                                 
(11) ZnCl2, ZnBr2, and Zn(OTf)2 also promoted the reaction; however, higher temperatures and reaction times 
were required. 
(12) Heathcock, C. H.; Pirrung, M. C.; Young, S. D.; Hagen, J. P.; Jarvi, E. T.; Badertscher, U.; Marki, H. P.; 
Montgomery, S. H. J. Am. Chem. Soc. 1984, 106, 8161-8174. 
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1 and 2), bulkier aryl esters failed to follow this trend and afforded the intended adducts in 
diminished diastereoselectivity.  Reactivity also suffered in these cases (entries 3-5). 
Table 3-2.  Comparison of Ester Identity vs. Diastereoselectivity (Eq 6)a 
O
SiR3
++
1) ZnI2, Et3N,
    C7H8, -30 °C
2) CSA, acetone 
(MeO)2CMe21
+PhCHO (6)R'O2C
H
O
O
Me
Me
Ph
Me 5
R'O2C
Ph
O
O
Me
Me
H
Me 5
Me 5
9 10
HR'O2C
 
entry R´ SiR3 yield (%)b 9:10e 
1 nBu SiMe3 51 58:42 
2 tBu SiMe3 80 74:26 
3 2,6-(Me)2C6H3 SiMe3 57c 37:63 
4 2,6-(iPr)2C6H3 SiMe3 14d 53:47 
5 2,6-(tBu)-4-(Me)C6H2 SiMe2Ph N.R. – 
a) Reaction carried out using 1.0 equiv of 1, 3.0 equiv of 1-octyne, 1.5 equiv of PhCHO, 3.0 equiv of 
ZnI2, and 3.3 equiv of NEt3 for 24 to 48 h.  b) Isolated two step yield.  c) 85% conversion by 1H NMR 
after 48 h.  d) 20% conversion by 1H NMR after 48 h.  e) Determined by 1H NMR analysis of the 
crude reaction. 
 
 Employing tert-butyl trimethylsilylglyoxylate (1b), we explored the scope of the reaction 
(Table 3-3).  A variety of alkynes (alkyl, aryl, trimethylsilyl, and heteroatom-substituted) 
were tolerated, affording the intended adducts (11/12) in moderate to good yield (48-81%) 
and approximately 75:25 diastereoselectivity when benzaldehyde was the coupling partner 
(entries 1-5, Table 3-3).  Substituted aromatic aldehydes also exhibited good reactivity and 
diastereoselectivity (75:25 to 80:20; entries 6-8, Table 3-3); disappointingly, aliphatic 
aldehydes were not suitable substrates.  Cinnamaldehyde and 2-furaldehyde also provided the 
desired adducts in good yield, albeit with negligible diastereoselectivity (53:47; entries 9-10, 
Table 3-3). 
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Table 3-3.  Reaction Scope with 1b (Eq 7)a 
11 12
+ (7)tBuO2C
H
O
O
R' MeMe
R
tBuO2C
R
O
O
R' MeMe
H
1) ZnI2, Et3N,
    C7H8, -30 °C
2) CSA, acetone
(MeO)2CMe2
O
SiMe3
tBuO2C ++ RCHOHR'
1b
 
entry R´ R yield (%)b 11:12c 
1 Ph Ph 77 78:22 
2 nC6H13 Ph 77 74:26 
3 BnOCH2 Ph 60 72:28 
4 PhthNCH2 Ph 48 71:29 
5 Me3Si Ph 81 76:24 
6 Me3Si 2-(Me)C6H4 65 80:20 
7 Me3Si 4-(MeO)C6H4 73 80:20 
8 Me3Si 4-(Cl)C6H4 76 78:22 
9 Me3Si 2-furyl 66 47:53 
10 Me3Si (E)-PhCH=CH 77 53:47 
a) Reaction carried out using 1.0 equiv of 1b, 3.0 equiv of alkyne, 1.5 equiv of PhCHO, 3.0 equiv of 
ZnI2, and 3.3 equiv of Et3N for 24 to 48 h.  b) Average of two isolated yields.  All reported yields are 
for two steps.  c) Determined by 1H NMR analysis of the crude reaction. 
 
 A second round of modifications to the silylglyoxylate structure was undertaken to further 
improve the diastereoselectivity.  Since the tert-butyl group proved to be the optimal ester 
substituent, systematic variation of silyl group seemed the next logical progression (Table 3-
4).  Generally, the trialkylsilyl groups gave a 70:30 ratio of 13:14 (Table 3-4, entries 1, 2, 
and 4); the exception being the tert-butyldimethylsilyl group which gave an improved 
diastereomeric ratio of 83:17 (Table 3-4, entry 3).  Phenyl-substituted silyl groups exhibited 
identical levels of diastereocontrol as their trialkylsilyl counterparts.  Further improvement 
using the tert-butyl tert-butyldimethylsilylglyoxylate was realized when the reaction was 
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conducted at lower temperatures, affording the glycolate aldol as a 90:10 ratio of 
diastereomers at -60 °C (Table 3-4, entry 10). 
Table 3-4.  Comparison of Silyl Group vs. Diastereoselectivity (Eq 8)a 
O
SiR3
tBuO2C
++
ZnI2, Et3N +PhCHO (8)Me
H5
13 14
Ph
OH
tBuO2C
OSiR3
Me 5
Ph
OH
tBuO2C
OSiR3
Me 5
    C7H8, Temp (°C)
 
entry SiR3 temp (°C) conversion (%)b 13:14b 
1 SiMe3 - 30 100 74:26 
2 SiEt3 - 30 100 74:26 
3 SitBuMe2 - 30 100 83:17 
4 SiiPr3 - 30 to 23 <5c – 
5 SiMe2Ph - 30 100 70:30 
6 SiMePh2 - 30 100 69:31 
7 SiPh3 - 30 50 71:29 
8 SiMe3 - 60 87 73:27 
9 SitBuMe2 - 60 52 89:11 
10 SitBuMe2 - 60 100d 90:10 
a) Reaction carried out using 1.0 equiv of silylglyoxylate, 3.0 equiv of 1-octyne, 1.5 equiv of PhCHO, 
3.0 equiv of ZnI2, and 3.3 equiv of NEt3 for 24 h.  b) Determined by 1H NMR analysis of the crude 
reaction.  c) Major product observed was alkyne addition to the aldehyde.  d) Reaction carried out 
using 4.0 equiv of 1-octyne, 1.5 equiv of PhCHO, 4.0 equiv of ZnI2, and 4.4 equiv of NEt3 for 48 h.  
 
 Employing the reoptimized silylglyoxylate structure 1c (eq 9), a reevaluation of the 
reaction scope confirmed that a substantial increase in diastereoselectivity could be achieved 
(c.f. Table 3-5, entries 1-3 with Table 3-3, entries 1, 2, and 6).  Additionally, the silyl-
protected adducts (15/16) can be isolated as differentially-protected glycols.  Furthermore, 
deprotection of (15/16) with TBAF (1.1 equiv) followed by a single recrystallization from 
hexanes afforded the diol in diastereomerically pure form (entry 2). 
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Table 3-5.  Reaction Scope with 1c (Eq 9)a 
O
SitBuMe2
tBuO2C
++ +RCHO (9)HR'
 ZnI2, Et3N
1c
R
OH
15 16
tBuO2C
R
OH
tBuO2C
OSitBuMe2
R'
OSitBuMe2
R'
  C7H8, -60 °C
 
entry R´ R yield (%) 15:16b 
1 Ph Ph 73 83:17 
2 nC6H13 Ph 73 (53) 90:10 (>99:1) 
3 Me3Si 2-(Me)C6H4 70c 91:9 
4 nC6H13 4-(MeO)C6H4 72c 90:10 
5 nC6H13 2-(Me)C6H4 68c 92:8 
a) 1.0 equiv of 1c, 4.0 equiv of alkyne, 1.5 equiv of PhCHO, 4.0 equiv of ZnI2, and 4.4 equiv of Et3N 
for 48 h.  b) Determined by 1H NMR analysis of crude reaction.  c) 5.0 equiv of alkyne, 5.0 equiv of 
ZnI2, and 5.5 equiv of NEt3 used. Parenthetical yield and d.r. refers to the diol, revealed after TBAF 
deprotection and recrystallization (two-step yield). 
 
 Initial experiments suggest that asymmetric induction may be realized in this tandem 
process.  Using Carreira’s conditions (Zn(OTf)2/(+)-N-methylephedrine),7 diol 17 was 
isolated after HCl/MeOH workup in 30% yield, 89:11 d.r., and 64% ee (eq 10).  Not only 
was there a marked increase in diastereoselectivity relative to the ZnI2 system (75:25 d.r.; cf. 
O
SiMe3
tBuO2C
++
1) (+)-N-Methylephedrine
Zn(OTf)2, Et3N
C7H8, -30 °C
2) HCl, MeOH
1b
tBuO2C
Ph
OH
17
30% yield
syn:anti = 89:11
64% ee
PhCHO (10)HPh
OH
Ph
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entry 1, Table 3-3), but it has been demonstrated, using unoptimized conditions, that an 
enantioselective version of the title reaction is possible.13 
3.2.3  Relative Stereochemistry Determination 
 The relative stereochemistry of the derived [1,3]dioxolanes in Table 3-2 (10) was 
assessed by NOESY analysis of the primary alcohols  obtained by LiAlH4 reduction (Scheme 
3-5).  Unambiguous assignment of the stereochemistry of the derived alcohols (18) was 
deduced by the indicated nOe’s indicated in Scheme 3-5.  These alcohols (18) correspond to 
the minor diastereomers in Table 3-2, entries 1, 2, and 4 and the major diastereomer in entry 
3. 
Scheme 3-5.  Derivatization of Glycols (Table 3-2) and NOESY Analysis 
nOe
18
Minor Diastereomer 
Table 3-2 Entries 1, 2, and 4
Major Diastereomer
Table 3-2 Entry 3
O
O
Me
MeMe 5
RO2C
10 18
PhH
O
O
Me
MeMe 5
PhH
HO
O
O
Me
MeMe 5
H
HO
H H H
THF
LiAlH4
 
 Glycolates from Table 3-3 (11) were exhaustively hydrogenated to the fully saturated 
alkanes (19, Scheme 3-6).  Major nOe interactions confirmed that the relative configuration 
of all the major diastereomers of the glycols in Table 3-3 were identical with the exception 
                                                 
(13) Only two examples of enantioenriched glycolate aldolates of this type have been prepared, to our 
knowledge; one by a chiral auxiliary method: Murata, Y.; Kamino, T.; Hosokawa, S.; Kobayashi, S. 
Tetrahedron Lett. 2002, 43, 8121-8123.  The other was prepared by a direct catalytic method involving 
chiral zinc complexes: Kumagai, N.; Matsunaga, S.; Kinoshita, T.; Harada, S.; Okada, S.; Sakamoto, S.; 
Yamaguchi, K.; Shibasaki, M. J. Am. Chem. Soc. 2003, 125, 2169-2178. 
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of the 2-furyl derivative (entry 9).  The relative stereochemistry of the silyl-protected glycols 
from Tables 3-4 (13/14) and 3-5 (15/16) was assigned by analogy. 
Scheme 3-6.  Derivitization of Glycols (Table 3-3) and NOESY Analysis 
O
OtBuO2C
H
R'
Me
Me
R
O
OtBuO2C
H
R'
Me
Me
H2; Pd/C
R
19
43-95%
11
Major Diastereomer
Table 3-3
Entries 1-8
Major Diastereomer
Table 3-3
Entry 9
Major Diastereomer
Table 3-3
Entry 10
nOe
O
OtBuO2C
Me
Me
HH H H
EtOH
R
R'
O
OtBuO2C
Me
Me
HH H
R
Ph
H
HnOe
O
OtBuO2C
Me
Me
HH H
R
nOe
O
 
3.2.4  Mechanistic Studies 
 While the zinc acetylide appears to react in a chemoselective manner with the 
silylglyoxylate, we also considered the possibility of initial reversible alkynylation of the 
aldehyde.  To test this hypothesis, a suspension of phenylacetylene, benzaldehyde, Et3N, and 
ZnI2 in toluene was allowed to stir for 48 h at -30 °C, giving rise to an undefined 
intermediate A (presumably a zinc alkoxide, Scheme 3-7).  Aqueous ammonium chloride 
was added and propargyl alcohol 20 was isolated in 99% yield.  If intermediate A was 
instead treated with 1b, after 24 h propargyl alcohol 20 was obtained in 77% yield while 11a 
and 12a were formed in ≤ 8% yield (employing the aforementioned deprotection/ketalization 
protocol).  The yield of propargyl alcohol 20 was diminished by small amounts (< 10%) of 
secondary alcohol 21 and alkynone 22 likely as a result of Meerwein-Ponndorf-Verley 
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reduction of 1b, presumably by intermediate A.14  However, neither side product was 
observed when the title reaction was run using the conditions described in Table 3-5.  Since 
the propargyl alcohol is formed in high yield and only trace amounts of 11a/12a were 
observed, we are inclined to believe that zinc acetylide addition to the silylglyoxylate occurs 
due to a kinetic preference. 
Scheme 3-7.  Mechanistic Study 
+
ZnI2, Et3N
PhCHO
aq. NH4Cl Ph
OH
Ph
A
then CSA,
(MeO)2CMe2
+
20
99%
11a 12a
+tBuO2C
H
O
O
Ph MeMe
Ph
tBuO2C
Ph
O
O
Ph MeMe
H
Ph
OH
Ph
20
77%
≤ 8%
Ph
H
Ph
Ph
OOH
SiMe3
tBuO2C +
≤ 10%
21 22
1b (24 h);
C7H8, -30 °C
48 h
 
3.3  Conclusions 
 A tandem alkynylation/Brook rearrangement/aldol reaction of silylglyoxylates has been 
reported.  This mode of reactivity is divergent from that of the Kuwajima and Reich systems, 
affording glycolate aldols rather than silyloxyallene aldols.  The reaction exhibits exquisite 
chemoselectivity at every potential branch point in the reaction sequence. The identity of the 
silylglyoxylate (1) is crucial for diastereocontrol; however, diastereomerically pure diols of 
                                                 
(14)  A variation of these conditions was subsequently used to develop a MPV/Brook rearrangement/aldol 
sequence of silylglyoxylates and secondary alkoxides: Linghu, X.; Satterfield, A. D.; Johnson, J. S. J. Am. 
Chem. Soc. 2006, 128, 9302-9303. 
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15 can be isolated following a single recrystallization.  Additionally, it has been shown that 
enantioselective variants are possible using simple enantiopure amino alcohols to mediate 
chirality transfer.  It is noteworthy that the identical functional group array present in 415 has 
been utilized in natural product synthesis, illustrating the potential value of this process. 
3.4  Experimental  
 Materials and Methods: General.  Infrared (IR) spectra were obtained using a Nicolet 
560-E.S.P. infrared spectrometer.  Proton and carbon nuclear magnetic resonance spectra (1H 
and 13C NMR) were recorded on either a Bruker model Avance 500 (1H NMR at 500 MHz 
and 13C NMR at 125 MHz), Bruker model Avance 400 (1H NMR at 400 MHz and 13C NMR 
at 100 MHz), or a Varian Gemini 300 (1H NMR at 300 MHz and 13C at 75 MHz) 
spectrometer with solvent resonance as the internal standard (1H NMR: CDCl3 at 7.23 ppm; 
C6D6 at 7.15 ppm and 13C NMR: CDCl3 at 77.0 ppm and C6D6 at 128.62 ppm).  1H NMR 
data are reported as follows: chemical shift, multiplicity (s = singlet, br s = broad singlet, d = 
doublet, t = triplet, q = quartet, sept = septet, m = multiplet), coupling constants (Hz), and 
integration.  Enantiomeric excesses were obtained using a Berger Supercritical Fluid 
Chromatograph model FCM 1100/1200 equipped with an Agilent 1100 series UV-Vis 
detector using a Chiralcel Chiralpak AD HPLC column. Samples were eluted with SFC grade 
CO2 at the indicated percentage of MeOH.  Combustion analyses were performed by Atlantic 
Microlab Inc., Norcross, GA.  Analytical thin layer chromatography (TLC) was performed 
on Whatman 0.25 mm silica gel 60 plates.  Visualization was accomplished with UV light 
and aqueous ceric ammonium molybdate solution followed by heating.  Purification of the 
                                                 
(15) Carreira, E. M.; Du Bois, J. J. Am. Chem. Soc. 1995, 117, 8106-8125. 
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reaction products was carried out by flash chromatography using Sorbent Technologies silica 
gel 60 (32-63 µm).  All reactions were carried out under an atmosphere of nitrogen in oven-
dried glassware with magnetic stirring.  Yield refers to isolated yield of analytically pure 
material.  Yields are reported for a specific experiment and as a result may differ slightly 
from those found in the tables, which are averages of at least two experiments.  Diethyl ether, 
tetrahydrofuran, and toluene were dried by passage through a column of neutral alumina 
under nitrogen prior to use.16  Unless otherwise noted, reagents were obtained from 
commercial sources and used without further purification.  Preparation of diazoacetates that 
are not commercially available are described below.  Silyl triflates that were not 
commercially available were prepared according to Uhlig’s method.17  Zinc iodide was 
heated to 300 °C under vacuum (0.2 torr) for 1 h and stored in a dry box for further use.  
Aldehydes were freshly distilled from CaSO4 prior to use.  Triethylamine was freshly 
distilled from CaH2 under Ar prior to use. 
 Diazoacetate Preparation 
iPr
iPr
OH +
O
O
+
S
N
H
O N3
O O
2) KOH; MeCN
iPr
iPr
O
O
H
N2
6a
1) NaOAc; MeCN
 
 2,6-Diisopropylphenyl diazoacetate (6a).  Diazaoacetate 6a was prepared according to 
Doyle’s method9 with slight modification: To a flame-dried 50 mL 2-necked round bottom 
flask equipped with a reflux condenser and addition funnel was added 53 mg of NaOAc (0.65 
                                                 
(16) Alaimo, P. J.; Peters, D. W.; Arnold, J.; Bergman, R. G. J. Chem. Ed. 2001, 78, 64. 
(17) Uhlig, W. J. Organomet. Chem. 1993, 452, 29-32. 
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mmol, 0.1 equiv), 2.0 g of 4-acetaminobenzenesulfonyl azide (8.45 mmol, 1.3 equiv), 1.2 mL 
of 2,6-diisopropylphenol (6.5 mmol, 1.0 equiv), and 10 mL of CH3CN (freshly distilled from 
CaH2).  The flask was purged with Ar and heated to reflux under Ar.  Once reflux was 
achieved, a solution of 1.0 mL diketene (13 mmol, 2.0 equiv) in 1.0 mL of CH3CN was 
added dropwise via addition funnel over a period of 15 min.  Once addition was complete, 
heating was discontinued and the resultant brown solution was allowed to stir under an Ar 
atmosphere for 12 h.  The reaction was then partitioned between Et2O (25 mL) and H2O (25 
mL).  The layers were separated and the aqueous layer was extracted with Et2O (2 X 25 mL).  
The combined organic layers were dried (MgSO4) and concentrated in vacuo.  The crude 
diazoacetoacetate was redissolved in 25 mL of CH3CN and 25 mL of a 5% (w/w) KOH 
solution was added with stirring.  After 2 h, 30 mL of Et2O was added and the layers were 
separated and the aqueous layer was extracted with Et2O (2 X 25 mL). The combined organic 
layers were washed once with brine (40 mL), dried (MgSO4), and concentrated in vacuo.  
Purification of the crude diazoacetate was accomplished via flash chromatography (5:95 
Et2O: petroleum ether) to furnish 1.1 g (66% over 2 steps) of pure 6a as a yellow solid.  
Analytical data for 6a: IR (Nujol, cm-1) 2924, 2852, 2110, 1720, 1695, 1462, 1377, 1327, 
1151, 1093, 968, 781, 729; 1H NMR (400 MHz, CDCl3) δ 7.19-7.12 (m, 1H), 7.12 (dd, J = 
6.8, 1.6 Hz, 2H), 4.98 (br s, 1H), 2.97 (sept, J = 6.8 Hz, 2H), 1.18 (d, J = 6.8 Hz, 1H); 13C 
NMR (100 MHz, CDCl3) δ 187.8, 145.4, 141.1, 126.9, 124.2, 46.6, 27.8, 23.5; TLC (5:95 
Et2O: petroleum ether) Rf 0.31. Anal. Calcd for C14H18N2O2: C, 68.27; H, 7.37; N, 11.37.  
Found: C, 68.22; H, 7.37; N, 11.39. 
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nBuO2C
1) Me3SiOTf; NEt3
2) MeOH; CH2Cl2
3) Swern Oxidation
nBuO2C SiMe3
O
1a
O
O
CF3
 
 n-Butyl trimethylsilylglyoxylate (1a).  To a vigorously stirred solution of 3.80 g (16.8 
mmol, 1.0 equiv) of trifluoromethylacetyl n-butylglycolate18 and 16.8 mL of NEt3 (121 
mmol, 7.2 equiv) at 0 °C under an Ar atmosphere was added 6.00 mL of Me3SiOTf (33.6 
mmol, 2.0 equiv) dropwise over 15 min.  Once addition was complete, the reaction was 
warmed to 23 °C and stirring was continued for 28 h.  Pentane (30 mL) was added and the 
two layers were separated.  The pentane layer was concentrated in vacuo to give a 9:1 
mixture of C:O-silylated products as determined by 1H NMR analysis of the crude mixture: 
1H NMR (400 MHz, CDCl3) δ 5.00 (s, 1H), 4.13 (t, J = 6.4 Hz, 2H), 1.64-1.53 (m, 2H), 
1.41-1.30 (m, 2H), 0.91 (t, J = 7.2 Hz, 3H), 0.19 (s, 9H).  The crude material was dissolved 
in CH2Cl2 (5 mL) and 820 μL of MeOH (20.1 mmol, 1.2 equiv) and 1 mL of NEt3 were 
added at 0 °C.  After 1.5 h, the volatiles were removed in vacuo and the resultant oil was 
redissolved in CH2Cl2 (25 mL). 
 To another flask was added 1.70 mL of oxalyl chloride (19.3 mmol, 1.15 equiv) and 80 
mL of CH2Cl2.  This solution was chilled to -78 °C and 3.00 mL of dry dimethyl sulfoxide 
(42.0 mmol, 2.5 equiv) was added dropwise under Ar over a period of 10 min.  Next, the 
solution of the crude 2° alcohol in CH2Cl2 from the previous step was added via syringe at -
78 °C over 15 min.  After stirring for 1 h, 12.2 mL of NEt3 (87.4 mmol, 5.2 equiv) was added 
via syringe over 5 min. Once addition was complete, the reaction was maintained at -78 °C 
for an additional 2 h (bright yellow solution).  Finally, the yellow reaction mixture was 
                                                 
(18) Oesterle, T.; Simchen, G. Liebigs Ann. Chem. 1987, 687-692. 
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partitioned between 100 mL of water and 100 mL of pentane. The layers were separated and 
the organic layer was washed with 5% HCl (4 X 20 mL), H2O (4 X 20 mL), brine (20 mL), 
dried (MgSO4), and concentrated in vacuo (pressure ≥ 20 torr) to furnish the crude 
silylglyoxylate.  Purification by flash chromatography (5:95 EtOAc: petroleum ether) 
afforded 1.7 g (50% over 3 steps) of the analytically pure silylglyoxylate (1c) as a bright 
orange oil.  Analytical data for 1a: IR (thin film, cm-1) 2964, 2876, 1748, 1716, 1667, 1467, 
1382, 1252, 1059, 1022; 1H NMR (400 MHz, CDCl3) δ  4.23 (t, J = 6.4 Hz, 2H), 1.71-1.62 
(m, 2H), 1.42-1.31 (m, 2H), 0.92 (t, J = 7.6 Hz, 3H), 0.27 (s, 9H); 13C NMR (100 MHz, 
CDCl3) δ  232.2, 162.1, 65.7, 30.7, 19.3, 13.8, -3.5; TLC (5:95 EtOAc: petroleum ether) Rf 
0.25.  Attempts to obtain acceptable combustion analysis were not successful. See 
Supporting Information B of ref. 8 for 1H NMR spectrum. 
 Silylglyoxylate Preparation 
tBuO2C
N2
H tBuO2C
O
SiR3
1) R3SiOTf; 
iPr2NEt
2)              ; CH2Cl2
1
O O
 
 General Procedure A.  To a solution of tert-butyl diazoacetate19 (1.0 equiv) and iPr2NEt 
(1.2 equiv) was added Et2O under Ar.  This solution was cooled to -45 °C and R3SiOTf (1.2 
equiv) was added slowly via syringe over the course of 15 min.  The resultant solution was 
stirred for 16 h and the ammonium salts were removed by filtration. The filtrate was 
concentrated in vacuo (pressure ≥ 20 torr) to afford the crude silyl diazoacetate. 
                                                 
(19) tert-Butyl diazoacetate is commercially available, however it can be easily prepared in one step using the 
procedure found in this report: O'Bannon, P. E.; Dailey, W. P., Tetrahedron 1990, 46, 7341-7358.  We 
substituted the more stable 4-acetamidobenzenesulfonyl azide for 4-toluenesulfonyl azide without any 
detrimental effects. 
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 The indicated quantity of Oxone® was added in portions to a stirred solution of NaHCO3 
(6.0-60.0 equiv) in H2O/acetone (1.5:1) at 0 °C.  A solution of the crude diazoacetate in 
CH2Cl2 was added slowly over 30 min via syringe.  Once addition was complete, the reaction 
was warmed to 23 °C and stirring was continued for an additional 15 min (bright yellow 
solution).  The organic phase was decanted into a separatory funnel and was washed with 
H2O, brine, and dried (Na2SO4).  Concentration of the organic phase by rotary evaporation 
afforded the crude silylglyoxylate which was purified by flash chromatography using the 
specified solvent system.  
tBuO2C
N2
H tBuO2C
O
SiMe3
1) Me3SiOTf; 
iPr2NEt
2)              ; CH2Cl2
1b
O O
 
 tert-Butyl trimethylsilylglyoxylate (1b).  Silylglyoxylate 1b was prepared according to 
General Procedure A using 209 mg of tert-butyl diazoacetate (1.47 mmol, 1.0 equiv), 0.305 
mL of iPr2NEt (1.76 mmol, 1.2 equiv), 0.320 mL of Me3SiOTf (1.76 mmol, 1.2 equiv), and 2 
mL of Et2O.  Following silylation, 11.1 g of Oxone® (18.0 mmol, 15.0 equiv), 5.9 g of 
NaHCO3 (7.0 mmol, 60.0 equiv), and 37.5 mL of H2O/acetone (1.5:1) were employed to 
effect the oxo transfer.  Concentration of the organic phase by rotary evaporation (pressure ≥ 
20 torr) afforded the crude silylglyoxylate which was purified by flash chromatography (5:95 
Et2O: petroleum ether) to furnish 164 mg (55%; 2 steps) of 1b as a bright orange oil.  
Analytical data for 1b: IR (thin film, cm-1) 2981, 1743, 1709, 1667, 1371, 1293, 1250, 1158; 
1H NMR (400 MHz, CDCl3) δ  1.53 (s, 9H), 0.26 (s, 9H); 13C NMR (100 MHz, CDCl3) δ  
232.6, 161.8, 83.6, 28.2, -2.9; TLC (5:95 EtOAc: petroleum ether) Rf 0.20.  Attempts to 
obtain acceptable combustion analysis were not successful. See Supporting Information B of 
ref. 8 for 1H NMR spectrum. 
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tBuO2C
N2
H tBuO2C
O
SitBuMe2
1)Me2
tBuSiOTf; iPr2NEt
2)              ; CH2Cl2
1c
O O
 
 tert-Butyl tert-butyldimethylsilylglyoxylate (1c).  Silylglyoxylate 1c was prepared 
according to General Procedure A using 18.0 mL of tert-butyl diazoacetate19 (130 mmol, 1.0 
equiv), 27.0 mL of iPr2NEt (156 mmol, 1.2 equiv), 36.0 mL of Me3CMe2SiOTf (156 mmol, 
1.2 equiv), and 180 mL of Et2O. 
 Following silylation, 120 g of Oxone® (195 mmol, 1.5 equiv), 65.5 g of NaHCO3 (780 
mmol, 6.0 equiv), and 400 mL of H2O/acetone (1.5:1) were employed to effect the oxo 
transfer.  Concentration of the organic phase by rotary evaporation afforded the crude 
silylglyoxylate which was purified by flash chromatography (4:96 Et2O: petroleum ether) to 
furnish 24.0 g (76%; 2 steps) of 1c as a bright orange liquid.  Analytical data for 1c: IR (thin 
film, cm-1) 2931, 2860, 1716, 1657, 1464, 1369, 1252, 1159, 993, 841, 785; 1H NMR (400 
MHz, CDCl3) δ 1.52 (s, 9H), 0.93 (s, 9H), 0.24 (s, 6H); 13C NMR (100 MHz, CDCl3) 
δ 233.1, 163.0, 83.7, 28.2, 26.6, 17.2, -6.6; TLC (5:95 Et2O: petroleum ether) Rf 0.30.  See 
Supporting Information B of ref. 8 for 1H NMR spectrum. 
O
O
N2
H
1) Me3SiOTf; NEt3
2) Propylene Oxide;
Rh2(OAc)4 (2%)
Me
Me
O
O
O
SiMe3
Me
Me
1d  
 2,6-Dimethylphenyl trimethylsilylglyoxylate (1d).  To a solution of 760 mg of 2,6-
dimethylphenyl diazoacetate (4.0 mmol, 1.0 equiv) and 0.84 mL of NEt3 (6.0 mmol, 1.5 
equiv) was added Et2O (8 mL) under Ar.  This solution was cooled to -45 °C and 1.1 mL of 
Me3SiOTf (6.0 mmol, 1.5 equiv) was added slowly via syringe over the course of 15 min.  
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The resultant mixture was stirred for 16 h and the ammonium salts were removed by 
filtration.  The filtrate was concentrated in vacuo (pressure ≥ 20 torr) to afford the crude silyl 
diazoacetate. 
 To a refluxing solution of 35.4 mg of Rh2(OAc)4 (0.08 mmol, 0.02 equiv) and propylene 
oxide (2.8 mL, 40.0 mmol, 10.0 equiv) in 30 mL of toluene under Ar was added, via syringe, 
a solution of the silyl diazoacetate in 5 mL of toluene.  Reflux was maintained for 1 h 
(reaction monitored by TLC), then the reaction was allowed to cool to 23 °C.  Concentration 
of the reaction by rotary evaporation (pressure ≥ 20 torr) afforded the crude silylglyoxylate 
which was purified by flash chromatography (5:95 EtOAc: petroleum ether) to give 543 mg 
(54%; 2 steps) of 1c as a bright orange liquid.  Analytical data for 1d: IR (thin film, cm-1) 
3029, 2960, 2927, 1763, 1728, 1666, 1476, 1252, 1158, 1090, 969, 852, 770; 1H NMR (400 
MHz, CDCl3) δ 7.06 (s, 3H), 2.12 (s, 6H), 0.36 (s, 9H); 13C NMR (100 MHz, CDCl3) 
δ 230.6, 160.1, 147.8, 129.9, 129.0, 126.6, 16.5, -3.1; TLC (5:95 EtOAc: petroleum ether) Rf 
0.40. Anal. Calcd for C13H18O3Si: C, 62.36; H, 7.25. Found: C, 62.49; H, 7.29. 
O
O
N2
H
1) Me3SiOTf; 
iPr2NEt
2)           ; CH2Cl2
iPr
iPr
O
O
O
SiMe3
iPr
iPr
1e6a
O O
Me Me
 
 2,6-Diisopropylphenyl trimethylsilylglyoxylate (1e).  To a solution of 1.5 g of 6a (6.09 
mmol, 1.0 equiv) and 1.4 mL of iPr2NEt (7.9 mmol, 1.3 equiv) was added Et2O (16 mL) 
under Ar.  This solution was cooled to -45 °C and 1.4 mL of Me3SiOTf (7.9 mmol, 1.3 
equiv) was added slowly via syringe over the course of 15 min.  The resultant mixture was 
stirred for 16 h and the ammonium salts were removed by filtration. The filtrate was 
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concentrated in vacuo to afford the crude silyl diazoacetate (approximately 70% conversion 
by 1H NMR). 
 Oxone® (56.2 g, 91.4 mmol, 15.0 equiv) was added in portions to a stirred solution of 
NaHCO3 (30.7 g, 365 mmol, 60.0 equiv) in acetone/H2O (78mL/118 mL) at 0 °C.  The 
reaction vessel was purged with Ar, and a solution of the crude diazoacetate in 50 mL of 
CH2Cl2 was added slowly over 30 min via syringe.  Once addition was complete, the reaction 
was warmed to 23 °C and stirring was continued for an additional 15 min (bright yellow 
solution).  The organic phase was decanted into a separatory funnel and was washed with 
H2O (50 mL), brine (50 mL), and dried (Na2SO4).  Concentration of the organic phase by 
rotary evaporation afforded the crude silylglyoxylate which was purified by flash 
chromatography (5:95 EtOAc: petroleum ether) to furnish 1.1 g (59% over 2 steps; 84% 
based on partial conversion of 9) of 1e as a bright orange liquid.  Analytical data for 1e: IR 
(thin film, cm-1) 3066, 3030, 2966, 2933, 2873, 1763, 1728, 1666, 1468, 1444, 1252, 1236, 
1159, 1093, 970, 849, 795, 737, 623; 1H NMR (400 MHz, CDCl3) δ 7.22 (t, J = 6.4 Hz, 1H), 
7.15 (d, J = 6.8 Hz, 2H), 2.84 (sept, J = 6.8 Hz, 2H), 1.16 (d, J = 6.8 Hz, 12H), 0.35 (s, 9H); 
13C NMR (100 MHz, CDCl3) δ 231.2, 161.2, 144.9, 140.2, 127.3, 124.4, 27.7, 23.6, -3.1; 
TLC (5:95 EtOAc: petroleum ether) Rf 0.51. Anal. Calcd for C17H26O3Si: C, 66.62; H, 8.55. 
Found: C, 66.89; H, 8.58.  
BHTO
O
O
OPh
1) PPTS; MeOH
2) Swern oxidation
BHTO
O
O
SiMe2Ph
1f
PhMe2SiLi; THF
-78 ºC
BHTO
O
OSiMe2Ph
SiMe2Ph
 
 2,6-Di-tert-butyl-4-methylphenyl dimethylphenylsilylglyoxylate (1f).  To a suspension 
of 284 mg of Li wire (40.5 mmol, 16.5 equiv) in THF (10 mL) under Ar atmosphere was 
 105
added PhMe2SiCl (1.4 mL, 8.1 mmol, 3.3 equiv) via syringe at 0 °C.  Once addition was 
complete (20 min), the reaction was warmed to 23 °C.  After 12 h, the resultant deep purple 
solution was added via cannula to a solution of 875 mg of oxalic acid 2,6 di-tert-butyl-4-
methylphenyl phenyl ester20 (2.4 mmol, 1.0 equiv) in 15 mL of THF at -78 °C under Ar.  
Once addition was complete, the reaction was warmed to -40 °C and maintained for an 
additional 90 min.  The reaction was quenched by the addition of saturated aqueous NH4Cl 
solution (5 mL).  The layers were separated and the organic layer was washed with saturated 
aqueous NaHCO3 (3 X 10 mL), brine (10 mL), dried (MgSO4) and concentrated in vacuo.  
Purification by flash chromatography (2.5:97.5 EtOAc:petroleum ether; TLC: 5:95 EtOAc: 
petroleum ether Rf 0.50) furnished the silyl protected 2° alcohol in 36% yield (470 mg). 1H 
NMR (300 MHz, CDCl3) δ 7.59-7.52 (m, 2H), 7.48-7.23 (m, 8H), 7.09-7.02 (m, 2H), 4.50 (s, 
1H), 2.25 (s, 3H), 1.20 (s, 9H), 1.19 (s, 9H), 0.46 (s, 3H), 0.42 (s, 3H), 0.28 (s, 3H), 0.24 (s, 
3H). 
 A solution of the silyl protected 2° alcohol (470 mg, 0.86 mmol, 1.0 equiv) in 10 mL of 
MeOH was treated with 21.6 mg of pyridinium p-toluenesulfonate (0.086 mmol, 0.1 equiv) 
with stirring for 30 min, then the MeOH was removed under reduced pressure.  The crude 
alcohol was dissolved in 15 mL of Et2O, washed with H2O (2 X 15 mL), dried (MgSO4), and 
concentrated under reduced pressure. 
 To another flask was added 0.15 mL of oxalyl chloride (1.72 mmol, 2.0 equiv) and 15 mL 
of THF.  This solution was cooled to -78 °C and 0.3 mL of dry dimethyl sulfoxide (4.3 
mmol, 5.0 equiv) was added dropwise under Ar over a period of 10 min.  Next, a solution of 
                                                 
(20) Lahti, P. M.; Modarelli, D. A.; Rossitto, F. C.; Inceli, A. L.; Ichimura, A. S.; Ivatury, S. J. Org. Chem. 
1996, 61, 1730-1738. 
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the crude 2° alcohol in THF (5 mL) from the previous step was added via syringe at -78 °C 
over 15 min.  After stirring for 1 h, 1.2 mL of NEt3 (8.9 mmol, 10.4 equiv) was added via 
syringe over 5 min. Once addition was complete, the reaction was warmed slowly to 23 °C 
over the course of 30 min (bright yellow solution).  Finally, the yellow reaction mixture was 
partitioned between 100 mL of water and 100 mL of pentane. The layers were separated and 
the organic layer was washed with 5% HCl (3 X 20 mL), H2O (1 X 20 mL), brine (20 mL), 
dried (MgSO4) and concentrated in vacuo to furnish the crude silylglyoxylate.  Purification 
by flash chromatography (2.5:97.5 EtOAc: petroleum ether) afforded 200 mg (57% over 2 
steps) of the analytically pure silylglyoxylate (1f) as a bright orange solid.  Analytical data 
for 1f: IR (thin film, cm-1) 2960, 2879, 1737, 1730, 1657, 1597, 1429, 1363, 1240, 1180, 
1105, 966, 816, 795, 698, 652; 1H NMR (300 MHz, CDCl3) δ 7.59 (dd, J = 7.5, 1.5 Hz, 2H), 
7.36-7.28 (m, 3H), 7.05 (s, 2H), 2.27 (s, 3H), 1.11 (s, 18H), 0.62 (s, 6H); 13C NMR (100 
MHz, CDCl3) δ 227.6, 162.0, 145.4, 142.0, 135.2, 134.9, 132.4, 130.4, 128.3, 127.3, 35.4, 
31.7, 21.7, -4.4; TLC (5:95 EtOAc: petroleum ether) Rf 0.50. Anal. Calcd for C25H34O3Si: C, 
73.13; H, 8.35. Found: C, 73.00; H, 8.27. 
tBuO2C
N2
H tBuO2C
O
SiEt3
1) Et3SiOTf; 
iPr2NEt
2)              ; CH2Cl2
1g
O O
 
 tert-Butyl triethylsilylglyoxylate (1g).  Silylglyoxylate 1g was prepared according to 
General Procedure A using 3.8 mL of tert-butyl diazoacetate (27.2 mmol, 1.0 equiv), 5.6 mL 
of iPr2NEt (32.7 mmol, 1.2 equiv), 7.5 mL of Me3CMe2SiOTf (32.7 mmol, 1.2 equiv), and 40 
mL of Et2O. 
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 Following silylation, 167 g of Oxone® (272 mmol, 10.0 equiv), 91 g of NaHCO3 (1.09 
mol, 40.0 equiv), and 556 mL of H2O/acetone (1.5:1) were employed to effect the oxo 
transfer.  Concentration of the organic phase by rotary evaporation afforded the crude 
silylglyoxylate which was purified by flash chromatography (4:96 Et2O: petroleum ether) to 
furnish 3.8 g (58%; 2 steps) of 1g as a bright orange liquid.  Analytical data for 1g: IR (thin 
film, cm-1) 2958, 2879, 1741, 1713, 1662, 1460, 1369, 1290, 1248, 1159, 1018, 843; 1H 
NMR (400 MHz, CDCl3) δ 1.52 (s, 9H), 0.96 (t, J = 8.4 Hz, 9H), 0.81 (q, J = 8.4 Hz, 6H); 
13C NMR (100 MHz, CDCl3) δ 232.2, 162.7, 83.6, 28.2, 6.9, 2.5; TLC (5:95 Et2O: petroleum 
ether) Rf 0.30.  See Supporting Information B of ref. 8 for 1H NMR spectrum. 
tBuO2C
N2
H tBuO2C
O
SiiPr3
1) iPr3SiOTf; 
iPr2NEt
2)              ; CH2Cl2
1h
O O
 
 tert-Butyl triisopropylsilylglyoxylate (1h).  Silylglyoxylate 1h was prepared according 
to General Procedure A using 1.3 g of tert-butyl diazoacetate (9.07 mmol, 1.0 equiv), 1.9 mL 
of iPr2NEt (10.9 mmol, 1.2 equiv), 2.9 mL of iPr3SiOTf (10.9 mmol, 1.2 equiv), and 20 mL 
of Et2O. 
 Following silylation, 25.8 g of Oxone® (42.0 mmol, 15.0 equiv), 14.1 g of NaHCO3 (168 
mmol, 60.0 equiv), and 100 mL of H2O/acetone (1.5:1) were employed to effect the oxo 
transfer.  Concentration of the organic phase by rotary evaporation afforded the crude 
silylglyoxylate which was purified by flash chromatography (2:98 Et2O: petroleum ether) to 
furnish 0.67 g (26%; 2 steps) of 1h as a bright orange liquid.  Analytical data for 1h: IR (thin 
film, cm-1) 2946, 2870, 1713, 1655, 1464, 1369, 1284, 1257, 1157, 980, 883, 843; 1H NMR 
(400 MHz, CDCl3) δ 1.52 (s, 9H), 1.36 (sept, J = 7.6 Hz, 3H), 1.08 (d, J = 7.6 Hz, 18H); 13C 
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NMR (100 MHz, CDCl3) δ 233.6, 163.7, 83.6, 28.1, 18.7, 11.3; TLC (2:98 Et2O: petroleum 
ether) Rf 0.32.  See Supporting Information B of ref. 8 for 1H NMR spectrum. 
tBuO2C
N2
H tBuO2C
O
SiMe2Ph
1) PhMe2SiOTf; 
iPr2NEt
2)              ; CH2Cl2
1i
O O
 
 tert-Butyl dimethylphenylsilylglyoxylate (1i).  Silylglyoxylate 1i was prepared 
according to General Procedure A using 1.0 mL of tert-butyl diazoacetate (7.2 mmol, 1.0 
equiv), 2.4 mL of iPr2NEt (10.0 mmol, 1.4 equiv), 2.4 g of PhMe2SiOTf (8.5 mmol, 1.2 
equiv), and 20 mL of Et2O. 
 Following silylation, 66.4 g of Oxone® (108 mmol, 15.0 equiv), 36.3 g of NaHCO3 (432 
mmol, 60.0 equiv), and 250 mL of H2O/acetone (1.5:1) were employed to effect the oxo 
transfer.  Concentration of the organic phase by rotary evaporation afforded the crude 
silylglyoxylate which was purified by flash chromatography (8:92 Et2O: petroleum ether) to 
furnish 0.789 g (42%; 2 steps) of 1i as a bright orange liquid.  Analytical data for 1i: IR (thin 
film, cm-1) 3072, 2980, 1740, 1713, 1664, 1429, 1371, 1250, 1155, 1112, 995, 839; 1H NMR 
(400 MHz, CDCl3) δ 7.55-7.51 (m, 2H), 7.38-7.34 (m, 3H), 1.39 (s, 9H), 0.55 (s, 6H); 13C 
NMR (100 MHz, CDCl3) δ 231.1, 161.7, 134.5, 133.2, 130.3, 128.3, 83.8, 28.0, -4.4; TLC 
(8:92 Et2O: petroleum ether) Rf 0.37.  See Supporting Information B of ref. 8 for 1H NMR 
spectrum. 
tBuO2C
N2
H tBuO2C
O
SiMePh2
1) Ph2MeSiOTf; 
iPr2NEt
2)              ; CH2Cl2
1j
O O
 
tert-Butyl diphenylmethylsilylglyoxylate (1j).  Silylglyoxylate 1j was prepared according to 
General Procedure A using 1.4 mL of tert-butyl diazoacetate (10.4 mmol, 1.0 equiv), 2.5 mL 
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of iPr2NEt (14.6 mmol, 1.4 equiv), 4.3 g of Ph2MeSiOTf (12.4 mmol, 1.2 equiv), and 30 mL 
of Et2O. 
 Following silylation, 95.9 g of Oxone® (156 mmol, 15.0 equiv), 52.4 g of NaHCO3 (624 
mmol, 60.0 equiv), and 270 mL of H2O/acetone (1.5:1) were employed to effect the oxo 
transfer.  Concentration of the organic phase by rotary evaporation afforded the crude 
silylglyoxylate which was purified by flash chromatography (1:9 Et2O: petroleum ether) to 
furnish 0.44 g (13%; 2 steps) of 1j as a bright orange liquid.  Analytical data for 1j: IR (thin 
film, cm-1) 3072, 2980, 2933, 1738, 1713, 1664, 1589, 1429, 1371, 1254, 1155, 1115, 991, 
798, 731, 698; 1H NMR (400 MHz, CDCl3) δ 7.58 (dd, J = 8.0, 1.2 Hz, 4H), 7.45-7.31 (m, 
6H), 1.32 (s, 9H), 0.82 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 229.4, 162.4, 135.4, 131.8, 
130.5, 128.4, 84.0, 27.9, -4.9; TLC (1:9 Et2O: petroleum ether) Rf 0.35.  See Supporting 
Information B of ref. 8 for 1H NMR spectrum. 
tBuO2C
N2
H tBuO2C
O
SiPh3
1) Ph3SiOTf; 
iPr2NEt
2)              ; CH2Cl2
1k
O O
 
 tert-Butyl triphenylsilylglyoxylate (1k).  Silylglyoxylate 1k was prepared according to 
General Procedure A using 0.62 mL of tert-butyl diazoacetate (4.5 mmol, 1.0 equiv), 1.1 mL 
of iPr2NEt (6.3 mmol, 1.4 equiv), 2.2 g of Ph2MeSiOTf (5.4 mmol, 1.2 equiv), and 10 mL of 
Et2O. 
 Following silylation, 41.5 g of Oxone® (67.5 mmol, 15.0 equiv), 22.7 g of NaHCO3 (270 
mmol, 60.0 equiv), and 157 mL of H2O/acetone (1.5:1) were employed to effect the oxo 
transfer.  Concentration of the organic phase by rotary evaporation afforded the crude 
silylglyoxylate which was purified by flash chromatography (1:9 Et2O: petroleum ether) to 
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furnish 0.36 g (21%; 2 steps) of 1k as a bright orange liquid.  Analytical data for 1k: IR (thin 
film, cm-1) 2926, 2854, 1745, 1666, 1460, 1429, 1373, 1252, 1151, 1115, 987, 825; 1H NMR 
(300 MHz, CDCl3) δ 7.62-7.55 (m, 6H), 7.46-7.33 (m, 9H), 1.25 (s, 9H); 13C NMR (100 
MHz, CDCl3) δ 237.1, 162.3, 136.6, 130.7, 130.4, 128.3, 84.2, 27.9; TLC (8:92 Et2O: 
petroleum ether) Rf 0.27.  See Supporting Information B of ref. 8 for 1H NMR spectrum. 
 General Procedure for Three Component Coupling Reactions 
+R'O2C
H
O
O
R2 MeMe
R1
R'O2C
R1
O
O
R2 MeMe
H
1) ZnI2, Et3N,
    C7H8, -30 °C
2) CSA, acetone
(MeO)2CMe2
O
SiR3R'O2C ++ R1CHOHR2
1  
 General Procedure B.  A 10 mL round bottomed flask equipped with a stirbar was 
charged with ZnI2 (3.0 equiv) in the dry box.  The flask was fitted with a septum and 
removed from the dry box where it was charged with toluene (2 mL) and NEt3 (3.3 equiv) 
under an Ar atmosphere.  After stirring for 15 min, the corresponding alkyne (3.0 equiv) was 
added and the heterogeneous reaction was stirred an additional 15 min.  The reaction was 
cooled to ~ -50 °C and the corresponding silylglyoxylate (1, 1.0 equiv) and aldehyde (1.5 
equiv) were added and the solution was allowed to warm to -30 °C.  After 24 to 48 h 
(reactions monitored by TLC), the reaction was quenched by the addition of saturated 
aqueous NH4Cl solution (1 mL).  The layers were separated, and the aqueous layer was 
extracted with Et2O (2 X 5 mL).  The combined organic layers were washed with H2O (10 
mL), brine (10 mL), dried (MgSO4), and concentrated in vacuo.  The crude material was 
dissolved in 2 mL of a 1:1 mixture of 2,2-dimethoxypropane:acetone and was treated with 30 
mg of camphorsulfonic acid (0.14 mmol, 0.5 equiv).  After 12 h, the reaction was partitioned 
between H2O (5 mL) and Et2O (5 mL).  The organic layer was dried (MgSO4) and 
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concentrated to give the crude acetonide product which was purified by flash 
chromatography using the indicated solvent system. 
 Alkyne Hydrogenation and Stereochemical Proof 
10% Pd/C
H2 (1.0 atm)
18
EtOH
R1
O
ORO2C
Me
Me
H
R2 R1
O
ORO2C
Me
Me
HR2
 
 General Procedure C.  A 10 mL round bottom flask was charged with the alkyne, EtOH 
(100%), and 10% Pd/C.  The flask was fitted with a septum and purged with H2 three times 
and a hydrogen atmosphere was maintained by a balloon of hydrogen.  After 12 h, Pd/C was 
removed by filtration through a plug of celite using CH2Cl2 to aid the transfer.  Concentration 
in vacuo furnished the hydrogenated product (18) which was purified by flash 
chromatography using the indicated solvent system.  The relative stereochemistry was 
assigned by NOESY analysis of the purified material. 
 Entry 1, Table 3-2 and Stereochemical Proof 
O
SiMe3
nBuO2C
+ +
O
OnBuO2C
Me
Me
1) ZnI2; NEt3
C7H8; -30 ºC
2) CSA; acetone 
(MeO)2CMe2
Ph
1a
H
O
O
Me
Me
H
Ph
+PhCHO
5 5
9a 10a
Me
H
5
nBuO2C
Me Me
 
 2,2-Dimethyl-4-oct-1-ynyl-5-phenyl-[1,3]dioxolane-4-carboxylic acid n-butyl ester (9a 
and 10a, entry 1, Table 3-2).  The title compound was prepared according to General 
Procedure B using 60 μL of 1a (0.28 mmol, 1.0 equiv), 125 μL of 1-octyne (0.84 mmol, 3.0 
equiv), 43 μL of benzaldehyde (0.42 mmol, 1.5 equiv), 268 mg of ZnI2 (0.84 mmol, 3.0 
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equiv), and 129 μL of NEt3 (0.92 mmol, 3.3 equiv). After flash chromatography (5:95 
EtOAc: petroleum ether), 53.2 mg (51% over 2 steps) of a 58:42 ratio of 9a:10a was isolated.  
Analytical data for 9a and 10a (reported as a mixture of diastereomers): 1H NMR (400 MHz, 
CDCl3) δ  7.48-7.38 (m, 2H), 7.38-7.32 (m, 2H), 7.32-7.23 (m, 6H), 5.38 (s, 1H), 5.37 (s, 
1H), 4.29-4.17 (m, 2H), 3.67 (ddd, J = 10.4, 6.4, 6.4 Hz, 1H), 3.36 (ddd, J = 10.8, 6.0, 6.0 
Hz, 1H), 2.28 (t, J = 6.8 Hz, 2H), 1.96 (t, J = 6.8 Hz, 2H), 1.73 (s, 3H), 1.68 (s, 3H), 1.67-
1.60 (m, 2H), 1.59 (s, 3H), 1.57-1.49 (m, 2H), 1.48 (s, 3H), 1.45-1.05 (m, 20H), 0.96-0.80 
(m, 9H), 0.79-0.73 (m, 3H). TLC (1:9 EtOAc: petroleum ether) Rf 0.42.  The relative 
stereochemistry was assigned after LiAlH4 reduction of the 9a/10a mixture to furnish a 58:42 
ratio of 22:18 (vide infra). 
 Entry 2, Table 3-2 (Entry 2, Table 3-3) and Stereochemical Proof  
O
SiMe3
tBuO2C
+ +
O
OtBuO2C
Me Me
1) ZnI2; NEt3
C7H8; -30 ºC
2) CSA; acetone 
(MeO)2CMe2
Ph
1b
H
O
O
Me Me
H
Ph
+PhCHO
5 5
9b 10b
Me
H
5
tBuO2C
Me Me
 
 2,2-Dimethyl-4-oct-1-ynyl-5-phenyl-[1,3]dioxolane-4-carboxylic acid tert-butyl ester 
(9b and 10b, entry 2, Table 3-2).  The title compound was prepared according to General 
Procedure B using 60 μL of 1b (0.27 mmol, 1.0 equiv), 118 μL of 1-octyne (0.80 mmol, 3.0 
equiv), 41 μL of benzaldehyde (0.40 mmol, 1.5 equiv), 255 mg of ZnI2 (0.80 mmol, 3.0 
equiv), and 124 μL of NEt3 (0.89 mmol, 3.3 equiv).  After flash chromatography (2.5:97.5 
EtOAc: petroleum ether to 5:95 EtOAc: petroleum ether gradient), 83.8 mg (80% over 2 
steps) of a 74:26 ratio of 9b:10b was isolated.  Analytical data for 9b: IR (thin film, cm-1) 
2933, 2859, 2244, 1759, 1733, 1456, 1370, 1256, 1164, 1059, 1039, 899, 843, 697; 1H NMR 
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(400 MHz, CDCl3) δ  7.45-7.40 (m, 2H), 7.31-7.25 (m, 3H), 5.30 (s, 1H), 1.96 (t, J = 6.8 Hz, 
2H), 1.66 (s, 3H), 1.47 (s, 3H), 1.46 (s, 9H), 1.26-1.08 (m, 8H), 0.83 (t, J = 7.2 Hz, 3H); 13C 
NMR (100 MHz, CDCl3) δ  168.0, 136.1, 128.4, 127.7, 127.6, 110.9, 90.4, 83.9, 83.0, 81.9, 
76.1, 31.5, 28.4, 28.1, 28.0, 27.7, 26.1, 22.7, 18.8, 14.2; TLC (1:9 EtOAc: petroleum ether) 
Rf 0.58. Anal. Calcd for C24H34O4: C, 74.58; H, 8.87. Found: C, 74.78; H, 8.98.  Analytical 
data for 10b: IR (thin film, cm-1) 2958, 2926, 2858, 2239, 1740, 1456, 1269, 1092, 1057; 1H 
NMR (400 MHz, CDCl3) δ  7.47-7.42 (m, 2H), 7.30-7.25 (m, 3H), 5.41 (s, 1H), 2.29 (t, J = 
6.4 Hz, 2H), 1.71 (s, 3H), 1.58 (s, 3H), 1.58-1.50 (m, 2H), 1.46-1.41 (m, 2H), 1.31-1.23 (m, 
4H), 0.99 (s, 9H), 0.89-0.85 (m, 3H); 13C NMR (100 MHz, CDCl3) δ  166.8, 135.1, 128.5, 
128.2, 126.7, 111.6, 87.6, 86.9, 81.9, 81.3, 78.5, 31.6, 28.7, 28.6, 27.5, 26.8, 25.9, 22.8, 19.1, 
14.2; TLC (1:9 EtOAc: petroleum ether) Rf 0.54.   
O
O
Ph
tBuO2C
H
Me
Me
O
O
Ph
tBuO2C
H
Me
Me
10% Pd/C
H2 (1.0 atm)
Me Me
9b 5
5
19b
EtOH
 
 2,2-Dimethyl-4-octyl-5-phenyl-[1,3]dioxolane-4-carboxylic acid tert-butyl ester (19b).  
The title compound was prepared according to General Procedure C using 12.7 mg of 9b 
(0.033 mmol, 1.0 equiv) and 5.0 mg of 10% Pd/C.  After flash chromatography (2.5:97.5 
EtOAc: petroleum ether), 8.0 mg (63%) of 19b was isolated.  Analytical data for 19b: IR 
(thin film, cm-1) 2933, 2859, 2244, 1759, 1733, 1456, 1370, 1256, 1164, 1059, 1039, 899, 
843, 697; 1H NMR (400 MHz, C6D6) δ  7.66 (d, J = 7.6 Hz, 2H), 7.22 (dd, J = 7.2, 7.6 Hz, 
2H), 7.13 (t, J = 7.2 Hz, 1H), 5.52 (s, 1H), 1.62 (s, 3H), 1.53 (s, 3H), 1.47 (ddd, J = 5.2, 5.2, 
10.0 Hz, 1H), 1.47 (ddd, J = 5.2, 5.2, 10.0 Hz, 1H), 1.25-1.17 (m, 4H), 1.15-1.05 (m, 8H), 
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0.84 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ  172.7, 136.1, 128.2, 128.1, 127.3, 
109.4, 86.8, 82.6, 82.1, 35.4, 31.9, 29.9, 29.5, 29.3, 28.3, 28.1, 25.3, 23.9, 22.8, 14.3; LRMS 
(ES): 413.13 [M+Na]+; TLC (1:9 EtOAc: petroleum ether) Rf 0.53. 
 Entry 3, Table 3-2 and Stereochemical Proof 
Ar =
Me
Me
O
SiMe3ArO2C
+ +
O
OArO2C
Me Me
1) ZnI2; NEt3
C7H8; -30 ºC
2) CSA; acetone 
(MeO)2CMe2
Ph
1d
H
O
O
Me Me
H
Ph
+PhCHO
5 5
9c 10c
Me
H
5
ArO2C
Me Me
 
 2,2-Dimethyl-4-oct-1-ynyl-5-phenyl-[1,3]dioxolane-4-carboxylic acid 2,6-
dimethylphenyl ester (9c and 10c, entry 3, Table 3-2).  The title compound was prepared 
according to General Procedure B using 60 μL of 1d (0.24 mmol, 1.0 equiv), 105 μL of 1-
octyne (0.71 mmol, 3.0 equiv), 36 μL of benzaldehyde (0.36 mmol, 1.5 equiv), 227 mg of 
ZnI2 (0.71 mmol, 3.0 equiv), and 110 μL of NEt3 (0.79 mmol, 3.3 equiv).  After flash 
chromatography (5:95 EtOAc: petroleum ether), 51 mg (49% over 2 steps) of a 37:63 ratio of 
9c:10c was isolated.  Analytical data for 9c & 10c (reported as a mixture of diastereomers): 
1H NMR (400 MHz, CDCl3) δ  7.61-7.53 (m, 4H), 7.36-7.23 (m, 6H), 7.04 (s, 2H), 6.91 (m, 
4H), 5.65 (s, 1H), 5.58 (s, 1H), 2.36 (t, J = 6.8 Hz, 2H), 2.16 (s, 3H), 2.00 (t, J = 7.2 Hz, 2H), 
1.74 (s, 3H), 1.73 (s, 3H), 1.64 (s, 9H), 1.64-1.57 (m, 2H), 1.55 (s, 3H), 1.51 (s, 3H), 1.48-
1.38 (m, 2H), 1.31-1.16 (m, 10H), 1.16-1.08 (m, 2H), 0.99 (m, 6H);TLC (1:9 EtOAc: 
petroleum ether) Rf 0.58. 
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OO
Ph
ArO2C
Me Me
H
OO
H
ArO2C
Me Me
Ph
9c 10c
+
LiAlH4
OO
Ph
HO
Me Me
H
OO
H
HO
Me Me
Ph
18
+
Me
Me
Ar =
Me Me Me Me
5 5 5 5
22
THF
 
 (2,2-Dimethyl-4-oct-1-ynyl-5-phenyl-[1,3]dioxolan-4-yl)-methanol (22 & 18).  To a 
suspension of 18.3 mg LiAlH4 (0.48 mmol, 1.25 equiv) in THF (0.5 mL) under an Ar 
atmosphere at 0 °C was added a solution of 9c and 10c (37:63 ratio) in THF (0.5 mL) via 
syringe.  Once addition was complete, the reaction was warmed to 23 °C.  After 30 min, the 
reaction was quenched by the addition of 20 μL of H2O, followed by 20 μL of 15% NaOH 
(wt/wt) solution, and finally by addition of 60 μL of H2O.  The solid precipitate was filtered 
and washed with several portions of Et2O.  The filtrate was concentrated under reduced 
pressure.  The crude material was purified by flash chromatography (100% CH2Cl2) to give 
alcohols 22 and 18 in 31% and 63% yields, respectively.  The relative stereochemistry of 22 
and 18 was confirmed by NOESY analysis.  Analytical data for 22: IR (thin film, cm-1) 3467, 
2956, 2929, 2856, 2235, 1456, 1379, 1236, 1165, 1086, 1059, 978, 858, 814, 700; 1H NMR 
(500 MHz, C6D6) δ  7.57 (d, J = 9.0 Hz, 2H), 7.21-7.09 (m, 3H), 5.38 (s, 1H), 3.89 (d, J = 
16.0 Hz, 1H), 3.37 (dd, J = 15.0, 13.0 Hz, 1H), 1.86 (d, J = 13.5 Hz, 1H), 1.79 (s, 3H), 1.78-
1.72 (m, 2H), 1.36 (s, 3H), 1.25-0.98 (m, 8H), 0.86-0.80 (m, 3H); 13C NMR (125 MHz, 
C6D6) δ 137.6, 128.9, 128.4, 128.2, 109.7, 90.6, 83.2, 81.1, 78.8, 65.1, 32.1, 29.1, 29.0, 28.7, 
27.6, 23.4, 19.3, 14.8;TLC (100% CH2Cl2) Rf 0.20.  Analytical data for 18: IR (thin film, cm-
1) 3504, 2954, 2929, 2858, 2243, 1454, 1381, 1259, 1215, 1176, 1059, 910, 735, 700; 1H 
NMR (500 MHz, C6D6) δ 7.62 (d, J = 10.0 Hz, 2H), 7.18-7.12 (m, 2H), 7.07 (t, J = 9.0 Hz, 
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1H), 5.55 (s, 1H), 3.47 (d, J = 14.0 Hz, 1H), 3.37 (d, J = 14.0 Hz, 1H), 2.02 (t, J = 8.5 Hz, 
2H), 1.51 (s, 3H), 1.45 (s, 3H), 1.40-1.08 (m, 8H), 0.87-0.81 (m, 3H); 13C NMR (125 MHz, 
C6D6) δ 135.9, 129.1, 128.9, 126.9, 109.9, 88.1, 84.9, 81.1, 81.0, 67.2, 32.1, 29.4, 29.3, 28.4, 
26.3, 23.5, 19.6, 14.8; TLC (100% CH2Cl2) Rf 0.27. 
 Entry 4, Table 3-2 and Stereochemical Proof 
Ar =
iPr
iPr
O
SiMe3ArO2C
+ +
O
OArO2C
Me Me
1) ZnI2; NEt3
C7H8; -30 ºC
2) CSA; acetone 
(MeO)2CMe2
Ph
1e
H
O
O
Me Me
H
Ph
+PhCHO
5 5
9d 10d
Me
H
5
ArO2C
Me Me
 
 2,2-Dimethyl-4-oct-1-ynyl-5-phenyl-[1,3]dioxolane-4-carboxylic acid 2,6-
diisopropylphenyl ester (9d and 10d, entry 4, Table 3-2).  The title compound was 
prepared according to General Procedure B using 60 μL of 1e (0.19 mmol, 1.0 equiv), 84 μL 
of 1-octyne (0.57 mmol, 3.0 equiv), 29 μL of benzaldehyde (0.29 mmol, 1.5 equiv), 182 mg 
of ZnI2 (0.57 mmol, 3.0 equiv), and 87 μL of NEt3 (0.63 mmol, 3.3 equiv).  After flash 
chromatography (5:95 Et2O: petroleum ether), 13 mg (14% over 2 steps) of a 53:47 ratio of 
9d:10d was isolated.  Analytical data for 9d and 10d (reported as a mixture of 
diastereomers): 1H NMR (400 MHz, CDCl3) δ 7.62-7.56 (m, 2H), 7.56-7.51 (m, 2H), 7.48-
7.24 (6H), 7.23-7.14 (m, 1H), 7.14-7.10 (m, 2H), 7.09-7.01 (m, 1H), 7.01-6.90 (m, 2H), 5.67 
(s, 1H), 5.57 (s, 1H), 3.20-2.89 (m, 3H), 2.80-2.61 (m, 1H), 2.36 (t, J = 6.8 Hz, 2H), 2.06-
1.97 (m, 2H), 1.75 (s, 3H), 1.71 (s, 3H), 1.64 (s, 3H), 1.55-1.49 (m, 4H), 1.54 (s, 3H), 1.48-
1.37 (m, 2H), 1.30-0.90 (34H), 0.90-0.71 (m, 12H);TLC (5:95 Et2O: petroleum ether) Rf 
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0.17.  The relative stereochemistry was assigned after reduction of the 9d/10d mixture to 
furnish a 53:47 ratio of 22:18 (vide supra). 
 Entry 1, Table 3-3 and Stereochemical Proof 
O
SiMe3
tBuO2C
+ +
O
OtBuO2C
Me Me
Ph
1) ZnI2; NEt3
C7H8; -30 ºC
2) CSA; acetone 
(MeO)2CMe2
Ph
1b
H
O
O
Me Me
Ph
H
Ph
+PhCHO
11a 12a
tBuO2CHPh
 
 2,2-Dimethyl-4-phenylethynyl-5-phenyl-[1,3]dioxolane-4-carboxylic acid tert-butyl 
ester (11a and 12a, entry 1, Table 3-3).  The title compound was prepared according to 
General Procedure B using 60 μL of 1b (0.27 mmol, 1.0 equiv), 88 μL of phenylacetylene 
(0.80 mmol, 3.0 equiv), 41 μL of benzaldehyde (0.40 mmol, 1.5 equiv), 255 mg of ZnI2 (0.80 
mmol, 3.0 equiv), and 124 μL of NEt3 (0.89 mmol, 3.3 equiv).  After flash chromatography 
(5:95 EtOAc: petroleum ether), 95 mg (93% over 2 steps) of a 73:27 ratio of 11a:12a was 
isolated.  Analytical data for 11a: IR (thin film, cm-1) 3064, 3034, 2983, 2935, 2235, 1734, 
1599, 1491, 1456, 1369, 1282, 1255, 1161, 1114, 1059, 901, 845, 758, 696; 1H NMR (400 
MHz, CDCl3) δ 7.53-7.48 (m, 2H), 7.38-7.31 (m, 3H), 7.23-7.15 (m, 3H), 7.11-7.07 (m, 2H), 
5.43 (s, 1H), 1.71 (s, 3H), 1.55 (s, 3H), 1.51 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 167.5, 
135.7, 131.8, 128.7, 128.3, 127.9, 127.8, 127.7, 122.5, 111.4, 88.9, 85.1, 84.2, 83.5, 82.2, 
28.1, 27.7, 26.1; TLC (1:9 EtOAc: petroleum ether) Rf 0.47. Anal. Calcd for C24H26O4: C, 
67.34; H, 8.07. Found: C, 67.49; H, 8.24.  Analytical data for 12a: IR (thin film, cm-1) 2985, 
2978, 2937, 2237, 1743, 1495, 1456, 1371, 1323, 1252, 1213, 1173, 1103, 1066, 899, 843, 
768, 748, 692; 1H NMR (400 MHz, CDCl3) δ 7.53-7.44 (m, 4H), 7.37-7.29 (m, 6H), 5.55 (s, 
1H), 1.76 (s, 3H), 1.64 (s, 3H), 1.01 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 166.5, 134.8, 
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132.1, 128.9, 128.7, 128.6, 128.4, 126.8, 122.6, 112.1, 87.1, 86.9, 86.5, 82.4, 81.5, 27.5, 26.9, 
25.9; TLC (1:9 EtOAc: petroleum ether) Rf 0.49.  
10% Pd/C
H2 (1.0 atm)
19a11a
O
OtBuO2C
Me
Me
Ph
Ph
H
O
OtBuO2C
Me
Me
Ph
HPhEtOH
 
 2,2-Dimethyl-4-phenylethyl-5-phenyl-[1,3]dioxolane-4-carboxylic acid tert-butyl ester 
(19a).  The title compound was prepared according to General Procedure C using 41.6 mg of 
11a (0.11 mmol, 1.0 equiv) and 10.0 mg of 10% Pd/C.  After flash chromatography (5:95 
EtOAc: petroleum ether), 40.0 mg (95%) of 19a was isolated.  Analytical data for 19a: IR 
(thin film, cm-1) 2981, 2930, 1720, 1454, 1368, 1220, 1159, 1090, 1058, 903, 847, 763, 720, 
699; 1H NMR (400 MHz, C6D6) δ 7.77 (d, J = 7.6 Hz, 2H), 7.38-7.12 (m, 8H), 5.18 (s, 1H), 
3.12 (ddd, J = 13.6, 13.6, 4.8 Hz, 1H), 2.82 (ddd, J = 12.0, 12.0, 5.2 Hz, 1H), 2.10-1.94 (m, 
2H), 1.80 (s, 3H), 1.73 (s, 3H), 1.56 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 172.3, 142.2, 
135.8, 128.5, 128.4, 128.3, 128.2, 127.2, 125.9, 109.7, 86.4, 82.6, 82.4, 37.1, 30.4, 28.3, 28.0, 
25.4; LRMS (ES): 405.01 [M+Na]+; TLC (1:9 EtOAc: petroleum ether) Rf 0.54.  See 
Supporting Information B of ref. 8 for 1H NMR and NOESY spectra of 18a. 
 119
 Entry 3, Table 3-3 and Stereochemical Proof 
O
SiMe3
tBuO2C
+ +
O
OtBuO2C
Me
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1) ZnI2; NEt3
C7H8; -30 ºC
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(MeO)2CMe2
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1b
H
O
O
Me
Me
H
Ph
+PhCHO
11c 12c
tBuO2CBnO
H
BnO BnO
 
 4-(Benzyloxy-prop-1-ynyl)-2,2-dimethyl-5-phenyl-[1,3]dioxolane-4-carboxylic acid 
tert-butyl ester (11c and 12c, entry 3, Table 3-3).  The title compound was prepared 
according to General Procedure B using 60 μL of 1b (0.27 mmol, 1.0 equiv), 115 μL of 3-
benzyloxy-prop-1-yne (0.80 mmol, 3.0 equiv), 41 μL of benzaldehyde (0.40 mmol, 1.5 
equiv), 255 mg of ZnI2 (0.80 mmol, 3.0 equiv), and 124 μL of NEt3 (0.89 mmol, 3.3 equiv).  
After flash chromatography (5:95 EtOAc: petroleum ether), 80 mg (70% over 2 steps) of a 
72:28 ratio of 11c:12c was isolated.  Analytical data for 11c: IR (thin film, cm-1) 3034, 2983, 
2935, 2242, 1751, 1734, 1670, 1610, 1497, 1456, 1371, 1254, 1219, 1165, 1082, 1030, 974, 
899, 841, 748; 1H NMR (400 MHz, CDCl3) δ 7.49-7.42 (m, 2H), 7.35-7.22 (m, 6H), 7.19-
7.11 (m, 2H), 5.36 (s, 1H), 4.20 (s, 1H), 4.19 (s, 1H), 3.99 (s, 2H), 1.69 (s, 3H), 1.54 (s, 3H), 
1.50 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 167.4, 137.6, 135.5, 128.7, 128.5, 128.3, 128.1, 
127.9, 127.6, 111.5, 85.2, 84.1, 83.6, 82.5, 81.8, 70.9, 57.1, 28.1, 27.7, 25.9; TLC (5:95 
EtOAc: petroleum ether) Rf 0.19. Anal. Calcd for C26H30O5: C, 73.91; H, 7.16. Found: C, 
73.88; H, 7.19.  Analytical data for 12c: IR (thin film, cm-1) 2980, 2929, 2856, 2241, 1747, 
1456, 1369, 1254, 1161, 1092, 1070, 901, 841, 741, 698; 1H NMR (400 MHz, CDCl3) 
δ 7.48-7.43 (m, 2H), 7.37-7.24 (m, 8H), 5.48 (s, 1H), 4.64 (s, 1H), 4.63 (s, 1H), 4.30 (s, 2H), 
1.74 (s, 3H), 1.60 (s, 3H), 0.99 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 167.7, 137.6, 134.7, 
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128.7, 128.4, 128.3, 128.1, 126.8, 112.1, 86.8, 84.9, 82.7, 82.6, 81.1, 71.5, 57.5, 27.5, 26.8, 
25.9; TLC (5:95 EtOAc: petroleum ether) Rf 0.23.  
O
O
Ph
tBuO2C
H
Me
Me
O
O
Ph
tBuO2C
H
Me Me
10% Pd/C
H2 (1.0 atm)
19c11c
BnO HO
EtOH
 
 4-(Benzyloxy-propyl)-2,2-dimethyl-5-phenyl-[1,3]dioxolane-4-carboxylic acid tert-
butyl ester (19c).  The title compound was prepared according to General Procedure C using 
16.4 mg of 11c (0.039 mmol, 1.0 equiv) and 2.0 mg of 10% Pd/C.  After flash 
chromatography (1:4 EtOAc: petroleum ether), 6.6 mg (51%) of 19c was isolated as an oil.  
Analytical data for 19c: IR (thin film, cm-1) 3428, 2960, 2927, 2856, 1741, 1728, 1456, 1369, 
1259, 1159, 1092, 1055, 1030, 800; 1H NMR (500 MHz, C6D6) δ 7.59 (d, J = 7.5 Hz, 2H), 
7.21-7.16 (m, 2H), 7.09 (t, J = 7.5 Hz, 1H), 5.45 (s, 1H), 3.27-3.20 (m, 2H), 1.78-1.69 (m, 
1H), 1.56 (s, 3H), 1.51-1.42 (m, 6H), 1.34 (s, 9H); 13C NMR (100 MHz, CDCl3) δ  172.5, 
135.8, 128.4, 128.2, 127.2, 109.7, 86.4, 82.7, 82.5, 62.8, 31.7, 28.2, 27.9, 27.5, 25.3; LRMS 
(ES): 358.67 [M+Na]+; TLC (1:4 EtOAc: petroleum ether) Rf 0.09. 
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 Entry 4, Table 3-3 and Stereochemical Proof 
O
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tBuO2C
+ +
O
OtBuO2C
Me
Me
1) ZnI2; NEt3
C7H8; -30 ºC
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H
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H
O
O
N NO O O O
 
 4-[3-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-prop-1-ynyl]-2,2-dimethyl-5-phenyl-
[1,3]dioxolane-4-carboxylic acid tert-butyl ester (11d and 12d, entry 4, Table 3-3).  A 10 
mL round bottomed flask with stirbar was charged with 148 mg of N-prop-2-ynyl-
phthalimide (0.80 mmol, 3.0 equiv) and 255 mg of ZnI2 (0.80 mmol, 3.0 equiv) in the dry 
box.  The flask was fitted with a septum and removed from the dry box where it was charged 
with toleune (2 mL) and 124 μL of NEt3 (0.89 mmol, 3.3 equiv) under an Ar atmosphere and 
the heterogeneous reaction was stirred for 15 min.  The reaction was cooled to ~ -50 °C and 
60 μL of 1b (0.27 mmol, 1.0 equiv) and 41 μL of benzaldehyde (0.40 mmol, 1.5 equiv) were 
added and the solution was allowed to warm to -30 °C.  After 48 h (reaction monitored by 
TLC), the reaction was quenched by addition of 1 mL of saturated aqueous NH4Cl solution.  
The layers were separated, and the aqueous layer was extracted with CH2Cl2 (2 X 5 mL).  
The combined organic layers were washed with H2O (10 mL), brine (10 mL), dried 
(Na2SO4), and concentrated in vacuo.  The crude material was dissolved in 2 mL of a 1:1 
mixture of 2,2-dimethoxypropane:acetone and was treated with 30 mg of camphorsulfonic 
acid (0.14 mmol, 0.5 equiv).  After 12 h, the reaction was partitioned between H2O (5 mL) 
and CH2Cl2 (5 mL).  The organic layer was dried (Na2SO4) and concentrated to give the 
crude acetonide product which was purified by flash chromatography (100% CH2Cl2) to 
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furnish 65 mg (52% over 2 steps) of a 71:29 ratio of 11d:12d.  Analytical data for 11d: IR 
(thin film, cm-1) 2980, 2927, 2254, 1774, 1747, 1724, 1421, 1392, 1254, 1161, 1092, 1070, 
943, 901, 841, 725; 1H NMR (400 MHz, CDCl3) δ 7.82 (dd, J = 5.6, 3.2 Hz, 2H), 7.73 (dd, J 
= 5.6, 3.2 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 7.00 (t, J = 8.0 Hz, 2H), 6.85 (t, J = 7.2 Hz, 1H), 
5.27 (s, 1H), 4.25 (d, J = 17.2 Hz, 1H), 4.19 (d, J = 17.2 Hz, 1H), 1.64 (s, 3H), 1.48 (s, 12 H); 
13C NMR (100 MHz, CDCl3) δ 167.1, 166.7, 135.2, 134.3, 132.3, 128.3, 127.6, 127.4, 123.6, 
111.6, 84.0, 83.7, 82.8, 81.5, 27.9, 27.6, 27.2, 26.0; TLC (100% CH2Cl2) Rf 0.26. LRMS 
(ES): 461.64 [M]+.  Analytical data for 12d: IR (thin film, cm-1) 2985, 2933, 2256, 1774, 
1421, 1392, 1344, 1282, 1254, 1161, 1088, 943, 899, 841, 729, 707; 1H NMR (400 MHz, 
CDCl3) δ  7.86 (dd, J = 5.6, 3.2 Hz, 2H), 7.72 (dd, J = 5.6, 3.2 Hz, 2H), 7.45-7.38 (m, 2H), 
7.28-7.23 (m, 3H), 5.42 (s, 1H), 4.55 (s, 2H), 1.69 (s, 3H), 1.53 (s, 3H), 0.90 (s, 9H); 13C 
NMR (100 MHz, CDCl3) δ  167.1, 166.1, 134.5, 134.4, 132.2, 128.6, 128.3, 126.8, 123.7, 
112.1, 86.6, 82.4, 81.3, 80.3, 27.7, 27.3, 26.8, 25.8; TLC (100% CH2Cl2) Rf 0.27.  
10% Pd/C
H2 (1.0 atm)
19d11d
EtOHPh
O
OtBuO2C
Me
Me
H
NO O
Ph
O
OtBuO2C
Me
Me
H
NO O
 
 4-[3-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-propyl]-2,2-dimethyl-5-phenyl-
[1,3]dioxolane-4-carboxylic acid tert-butyl ester (19d).  The title compound was prepared 
according to General Procedure C using 7.3 mg of 11d (0.016 mmol, 1.0 equiv) and 1.0 mg 
of 10% Pd/C.  After flash chromatography (30:70 EtOAc: petroleum ether), 5.0 mg (68%) of 
19d was isolated as an oil.  Analytical data for 19d: IR (thin film, cm-1) 2931, 2870, 1774, 
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1745, 1716, 1456, 1396, 1369, 1255, 1217, 1173, 1136, 1057, 906, 845, 719; 1H NMR (500 
MHz, C6D6) δ 7.58 (d, J = 9.5 Hz, 2H), 7.38-7.30 (m, 2H), 7.17-7.13 (m, 2H), 7.08 (t, J = 7.5 
Hz, 1H), 6.84-6.77 (m, 2H), 5.48 (s, 1H), 3.40 (ddd, J = 14.5, 9.0, 6.0 Hz, 1H), 3.30 (ddd, J = 
13.5, 9.0, 6.0 Hz, 1H), 1.98-1.91 (m, 1H), 1.72-1.62 (m, 1H), 1.57 (s, 3H), 1.47 (s, 3H), 1.58-
1.43 (m, 2H), 1.39 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 172.5, 167.9, 136.9, 133.4, 132.9, 
128.6, 128.2, 127.7, 123.0, 109.8, 86.8, 83.1, 81.8, 38.3, 33.5, 28.2, 28.1, 25.5, 24.2; LRMS 
(ES): 465.64 [M]+; TLC (1:4 EtOAc: petroleum ether) Rf 0.12.   
 Entry 5, Table 3-3 and Stereochemical Proof 
O
SiMe3
tBuO2C
+ +
O
OtBuO2C
Me
Me
Me3Si
1) ZnI2; NEt3
C7H8; -30 ºC
2) CSA; acetone 
(MeO)2CMe2
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11e 12e
tBuO2CHMe3Si
 
 2,2-Dimethyl-5-phenyl-4-trimethylsilanylethynyl-[1,3]dioxolane-4-carboxylic acid 
tert-butyl ester (11e and 12e, entry 5, Table 3-3).  The title compound was prepared 
according to General Procedure B using 60 μL of 1b (0.27 mmol, 1.0 equiv), 113 μL of 
trimethylsilylacetylene (0.80 mmol, 3.0 equiv), 41 μL of benzaldehyde (0.40 mmol, 1.5 
equiv), 255 mg of ZnI2 (0.80 mmol, 3.0 equiv), and 124 μL of NEt3 (0.89 mmol, 3.3 equiv).  
After flash chromatography (5:95 EtOAc: petroleum ether), 84.5 mg (84% over 2 steps) of a 
76:24 ratio of 11e:12e was isolated.  Analytical data for 11e: IR (thin film, cm-1) 2984, 2934, 
2257, 2175, 1740, 1735, 1456, 1370, 1250, 1163, 1058, 900, 843, 761, 731, 697; 1H NMR 
(400 MHz, CDCl3) δ 7.45-7.41 (m, 2H), 7.33-7.27 (m, 3H), 5.30 (s, 1H), 1.67 (s, 3H), 1.49 
(s, 3H), 1.46 (s, 9H), -0.05 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 167.2, 135.6, 128.5, 
127.8, 127.7, 111.4, 100.7, 94.6, 84.1, 83.3, 81.9, 27.9, 27.6, 26.1, -0.5; TLC (1:9 EtOAc: 
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petroleum ether) Rf 0.56. Anal. Calcd for C21H30O4Si: C, 67.34; H, 8.07. Found: C, 67.49; H, 
8.24.  Analytical data for 12e: IR (thin film, cm-1) 2979, 2960, 2931, 2171, 1751, 1456, 1369, 
1252, 1221, 1157, 1092, 1068, 845, 744, 696; 1H NMR (400 MHz, CDCl3) δ 7.45-7.41 (m, 
2H), 7.31-7.26 (m, 3H), 5.43 (s, 1H), 1.72 (s, 3H), 1.59 (s, 3H), 0.98 (s, 9H), 0.21 (s, 9H); 
13C NMR (100 MHz, CDCl3) δ 165.2, 136.7, 128.6, 128.3, 126.7, 112.0, 92.2, 90.1, 86.8, 
82.2, 81.1, 27.4, 26.9, 25.9, -0.08; TLC (1:9 EtOAc: petroleum ether) Rf 0.58.  
10% Pd/C
H2 (1.0 atm)
19e11e
EtOHPh
O
OtBuO2C
Me
Me
H
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 2,2-Dimethyl-5-phenyl-4-(2-trimethylsilanyl-ethyl)-[1,3]dioxolane-4-carboxylic acid 
tert-butyl ester (19e).  The title compound was prepared according to General Procedure C 
using 29.1 mg of 11e (0.078 mmol, 1.0 equiv) and 2.0 mg of 10% Pd/C.  After flash 
chromatography (5:95 EtOAc: petroleum ether), 23.8 mg (81%) of 19e was isolated as an oil.  
Analytical data for 19e: IR (thin film, cm-1) 2981, 2954, 1747, 1724, 1456, 1380, 1369, 1250, 
1144, 1059, 864, 839, 723, 698; 1H NMR (400 MHz, C6D6) δ 7.64 (d, J = 7.6 Hz, 2H), 7.19 
(m, 2H), 7.10 (t, J = 7.6 Hz, 1H), 5.56 (s, 1H), 1.61 (s, 3H), 1.53 (s, 3H), 1.53-1.48 (m, 2H), 
1.39 (s, 9H), 0.92-0.83 (m, 1H), 0.46-0.37 (m, 1H), -0.55 (s, 9H); 13C NMR (100 MHz, 
CDCl3) δ 172.5, 136.1, 128.2, 128.1, 127.3, 109.3, 87.6, 82.3, 81.9, 29.6, 28.3, 27.9, 25.4, 
9.8, -1.9; LRMS (ES): 779.52 [2M+Na]+; TLC (5:95 EtOAc: petroleum ether) Rf 0.41. 
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Entry 6, Table 3-3 and Stereochemical Proof 
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 5-(2-Methyl-phenyl)-2,2-dimethyl-4-trimethylsilanylethynyl-[1,3]dioxolane-4-
carboxylic acid tert-butyl ester (11f and 12f, entry 6, Table 3-3).  The title compound was 
prepared according to General Procedure B using 60 μL of 1b (0.27 mmol, 1.0 equiv), 113 
μL of trimethylsilylacetylene (0.80 mmol, 3.0 equiv), 46 μL of o-tolualdehyde (0.40 mmol, 
1.5 equiv), 255 mg of ZnI2 (0.80 mmol, 3.0 equiv), and 124 μL of NEt3 (0.89 mmol, 3.3 
equiv).  After flash chromatography (2:3 CH2Cl2: petroleum ether), 68.7 mg (65% over 2 
steps) of an 80:20 ratio of 11f:12f was isolated.  Analytical data for 11f: IR (thin film, cm-1) 
2980, 2960, 2935, 2175, 1734, 1597, 1460, 1371, 1250, 1159, 1059, 845, 760; 1H NMR (400 
MHz, CDCl3) δ  7.66-7.60 (m, 1H), 7.18-7.12 (m, 2H), 7.09-7.03 (m, 1H), 5.68 (s, 1H), 2.31 
(s, 3H), 1.67 (s, 3H), 1.50 (s, 3H), 1.47 (s, 9H), -0.048 (s, 9H); 13C NMR (100 MHz, CDCl3) 
δ 167.9, 136.1, 134.1, 130.2, 128.7, 128.3, 125.5, 111.2, 100.5, 94.9, 83.4, 82.1, 80.9, 27.9, 
27.5, 26.1, 20.1, -0.6; TLC (1:4 CH2Cl2: petroleum ether) Rf 0.18. Anal. Calcd for 
C22H32O4Si: C, 68.00; H, 8.30. Found: C, 68.07; H, 8.38.  Analytical data for 12f: IR (thin 
film, cm-1) 2981, 2958, 2931, 2170, 1753, 1460, 1369, 1250, 1221, 1159, 1076, 845, 748; 1H 
NMR (400 MHz, CDCl3) δ  7.48-7.42 (m, 1H), 7.16-7.07 (m, 3H), 5.70 (s, 1H), 2.50 (s, 3H), 
1.72 (s, 3H), 1.61 (s, 3H), 0.96 (s, 9H), 0.17 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 165.9, 
137.1, 134.1, 130.1, 128.4, 126.8, 126.1, 111.6, 104.8, 91.4, 84.2, 82.3, 80.2, 27.3, 26.8, 25.2, 
20.4, -0.1; TLC (1:4 CH2Cl2: petroleum ether) Rf 0.12.  
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 2,2-Dimethyl-5-(2-methylphenyl)-4-(2-trimethylsilanyl-ethyl)-[1,3]dioxolane-4-
carboxylic acid tert-butyl ester (19f).  The title compound was prepared according to 
General Procedure C using 30.0 mg of 11f (0.077 mmol, 1.0 equiv) and 3.0 mg of 10% Pd/C.  
After flash chromatography (2.5:97.5 acetone: petroleum ether), 25.5 mg (85%) of 19f was 
isolated as an oil.  Analytical data for 19f: IR (thin film, cm-1) 2981, 2952, 2897, 1724, 1458, 
1369, 1250, 1151, 1049, 920, 864, 841, 758, 740, 692; 1H NMR (400 MHz, CDCl3) δ  7.46-
7.42 (m, 1H), 7.19-7.12 (m, 2H), 7.11-7.04 (m, 1H), 5.67 (s, 1H), 2.35 (s, 3H), 1.60 (s, 3H), 
1.51 (s, 12H), 1.35 (ddd, J = 13.6, 4.0, 4.0 Hz, 1H), 1.16 (ddd, J = 13.6, 4.0, 4.0 Hz, 1H), 
0.44 (ddd, J = 14.0, 4.0, 4.0 Hz, 1H), 0.01 (ddd, J = 14.0, 4.0, 4.0 Hz, 1H), -0.23 (s, 9H); 13C 
NMR (100 MHz, CDCl3) δ  172.9, 136.2, 134.6, 130.6, 128.4, 128.1, 125.6, 108.9, 87.8, 
82.1, 79.1, 29.9, 28.3, 27.9, 25.6, 20.1, 9.7, -1.9; LRMS (ES): 415.00 [M+Na]+; TLC 
(2.5:97.5 acetone: petroleum ether) Rf 0.21. 
 Entry 7, Table 3-3 and Stereochemical Proof 
O
SiMe3
tBuO2C
+ +
O
OtBuO2C
Me Me
Me3Si
1) ZnI2; NEt3
C7H8; -30 ºC
2) CSA; acetone 
(MeO)2CMe2
1b
H
O
O
Me Me
Me3Si
H
+
11g 12g
tBuO2CHMe3Si
OMe
CHO
OMe
OMe  
 5-(4-Methoxy-phenyl)-2,2-dimethyl-4-trimethylsilanylethynyl-[1,3]dioxolane-4-
carboxylic acid tert-butyl ester (11g and 12g, entry 7, Table 3-3).  The title compound was 
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prepared according to General Procedure B using 60 μL of 1b (0.27 mmol, 1.0 equiv), 113 
μL of trimethylsilylacetylene (0.80 mmol, 3.0 equiv), 49 μL of p-anisaldehyde (0.40 mmol, 
1.5 equiv), 255 mg of ZnI2 (0.80 mmol, 3.0 equiv), and 124 μL of NEt3 (0.89 mmol, 3.3 
equiv).  After flash chromatography (5:95 acetone: petroleum ether), 74.5 mg (68% over 2 
steps) of an 80:20 ratio of 11g:12g was isolated.  Analytical data for 11g: IR (thin film, cm-1) 
2981, 2958, 2935, 2173, 1755, 1736, 1616, 1516, 1458, 1369, 1250, 1173, 1066, 1036, 903, 
862, 843, 796, 760; 1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 7.6 Hz, 2H), 6.83 (d, J = 8.4 
Hz, 2H), 5.23 (s, 1H), 3.78 (s, 3H), 1.66 (s, 3H), 1.48 (s, 3H), 1.46 (s, 9H), -0.05 (s, 9H); 13C 
NMR (100 MHz, CDCl3) δ 167.3, 160.1, 129.2, 127.5, 113.2, 111.1, 100.8, 94.5, 83.8, 83.2, 
81.9, 55.5, 27.9, 27.6, 26.1, -0.4; TLC (5:95 acetone: petroleum ether) Rf 0.17. Anal. Calcd 
for C22H32O5Si: C, 65.31; H, 7.97. Found: C, 65.19; H, 7.96.  Analytical data for 12g: IR 
(thin film, cm-1) 2958, 2933, 2171, 1749, 1614, 1516, 1460, 1369, 1250, 1173, 1157, 1080, 
1036, 845, 760; 1H NMR (400 MHz, CDCl3) δ  7.34 (d, J = 9.2 Hz, 2H), 6.83 (d, J = 8.8 Hz, 
2H), 5.39 (s, 1H), 3.77 (s, 3H), 1.70 (s, 3H), 1.57 (s, 3H), 1.02 (s, 9H), 0.19 (s, 9H); 13C 
NMR (100 MHz, CDCl3) δ 166.4, 160.1, 127.9, 127.1, 113.7, 111.8, 103.3, 91.8, 86.7, 82.2, 
81.3, 55.6, 27.5, 26.9, 25.8, -0.02; TLC (5:95 acetone: petroleum ether) Rf 0.23.  
O
OtBuO2C
H
Me
Me
O
OtBuO2C
H
Me Me
Me3Si
10% Pd/C
H2 (1.0 atm)
19g
Me3Si
11g
OMe OMe
EtOH
 
 2,2-Dimethyl-5-(4-methoxyphenyl)-4-(2-trimethylsilanyl-ethyl)-[1,3]dioxolane-4-
carboxylic acid tert-butyl ester (19g).  The title compound was prepared according to 
General Procedure C using 25.0 mg of 11g (0.062 mmol, 1.0 equiv) and 2.0 mg of 10% 
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Pd/C.  After flash chromatography (5:95 EtOAc: petroleum ether), 10.9 mg (43%) of 19g 
was isolated as an oil.  Analytical data for 19g: IR (thin film, cm-1) 2979, 2947, 2899, 1722, 
1460, 1369, 1151, 1035, 930, 864; 1H NMR (400 MHz, CDCl3) δ 7.28 (dd, J = 9.6, 2.8 Hz), 
6.85 (dd, J = 9.6, 2.0 Hz), 5.21 (s, 1H), 3.78 (s, 3H), 1.57 (s, 3H), 1.51 (s, 9H), 1.48 (s, 3H), 
1.19 (ddd, J = 13.6, 4.0, 4.0 Hz, 1H), 1.10 (ddd, J = 13.6, 4.4, 4.4 Hz, 1H), 0.55 (ddd, J = 
14.0, 4.0, 4.0 Hz, 1H), 0.05 (ddd, J = 14.0, 4.0, 4.0 Hz, 1H), -0.19 (s, 9H); 13C NMR (100 
MHz, CDCl3) δ 172.5, 159.6, 128.5, 128.1, 113.5, 109.1, 87.7, 82.1, 81.9, 55.5, 29.6, 28.3, 
28.1, 25.4, 9.8, -1.9; TLC (1:9 EtOAc: petroleum ether) Rf 0.33. 
Entry 8, Table 3-3 and Stereochemical Proof 
O
SiMe3
tBuO2C
+ +
O
OtBuO2C
Me Me
Me3Si
1) ZnI2; NEt3
C7H8; -30 ºC
2) CSA; acetone 
(MeO)2CMe2
1b
H
O
O
Me Me
Me3Si
H
+
11h 12h
tBuO2CHMe3Si
Cl
CHO
Cl
Cl  
 5-(4-Chloro-phenyl)-2,2-dimethyl-4-trimethylsilanylethynyl-[1,3]dioxolane-4-
carboxylic acid tert-butyl ester (11h and 12h, entry 8, Table 3-3).  The title compound 
was prepared according to General Procedure B using 60 μL of 1b (0.27 mmol, 1.0 equiv), 
113 μL of trimethylsilylacetylene (0.80 mmol, 3.0 equiv), 56.2 mg of p-chlorobenzaldehyde 
(0.40 mmol, 1.5 equiv, dissolved in 0.6 mL of toluene), 255 mg of ZnI2 (0.80 mmol, 3.0 
equiv), and 124 μL of NEt3 (0.89 mmol, 3.3 equiv).  After flash chromatography (5:95 
EtOAc: petroleum ether), 89.1 mg (81% over 2 steps) of an 80:20 ratio of 11h:12h was 
isolated.  Analytical data for 11h (solid; mp 59-60 °C): IR (thin film, cm-1) 2983, 2937, 
2900, 2173, 1757, 1731, 1601, 1493, 1371, 1250, 1161, 1066, 1016, 901, 862, 843, 793, 760; 
1H NMR (400 MHz, CDCl3) δ 7.37 (d, J = 8.8 Hz, 2H), 7.28 (d, J = 8.8 Hz, 2H), 5.28 (s, 
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1H), 1.65 (s, 3H), 1.47 (s, 3H), 1.47 (s, 9H), -0.05 (s, 9H); 13C NMR (100 MHz, CDCl3) 
δ 167.2, 134.5, 134.4, 129.2, 127.9, 111.6, 100.4, 95.1, 83.5, 83.3, 81.9, 28.1, 27.6, 26.1, -
0.5; TLC (1:9 EtOAc: petroleum ether) Rf 0.54. Anal. Calcd for C21H29ClO4Si: C, 61.67; H, 
7.15. Found: C, 61.74; H, 7.13.  Analytical data for 12h: IR (thin film, cm-1) 2980, 2937, 
2900, 2171, 1749, 1601, 1493, 1369, 1251, 1221, 1157, 1080, 845, 760; 1H NMR (400 MHz, 
CDCl3) δ 7.37 (d, J = 8.4 Hz, 2H), 7.28 (d, J = 8.8 Hz, 2H), 5.38 (s, 1H), 1.70 (s, 3H), 1.57 
(s, 3H), 1.02 (s, 9H), 0.19 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 166.1, 134.6, 133.6, 
128.4, 128.1, 112.3, 102.9, 92.3, 86.3, 82.5, 81.2, 27.5, 26.8, 25.9, -0.09; TLC (1:9 EtOAc: 
petroleum ether) Rf 0.60.  
O
OtBuO2C
H
Me
Me
O
OtBuO2C
H
Me Me
Me3Si
10% Pd/C
H2 (1.0 atm)
19e
Me3Si
11h
Cl
EtOH
 
 2,2-Dimethyl-5-phenyl-4-(2-trimethylsilanyl-ethyl)-[1,3]dioxolane-4-carboxylic acid 
tert-butyl ester (19e).  The title compound was prepared according to General Procedure C 
using 60.3 mg of 11h (0.15 mmol, 1.0 equiv) and 5.0 mg of 10% Pd/C.  After flash 
chromatography (5:95 EtOAc: petroleum ether), 37.0 mg (66%) of 19e was isolated as an oil.  
The analytical data for the isolated material was identical to that of the previously reported 
19e (vide supra).  
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 Entry 9, Table 3-3 and Stereochemical Proof 
O
SiMe3
tBuO2C
+ +
O
OtBuO2C
Me
Me
Me3Si
1) ZnI2; NEt3
C7H8; -30 ºC
2) CSA; acetone 
(MeO)2CMe2
1b
H
O
O
Me
Me
Me3Si
H
+
11i 12i
tBuO2CHMe3Si
O
OO
CHO
 
 5-Furan-2-yl-2,2-dimethyl-4-trimethylsilanylethynyl-[1,3]dioxolane-4-carboxylic acid 
tert-butyl ester (11i and 12i, entry 9, Table 3-3).  The title compound was prepared 
according to General Procedure B using 60 μL of 1b (0.27 mmol, 1.0 equiv), 113 μL of 
trimethylsilylacetylene (0.80 mmol, 3.0 equiv), 33 μL of 2-furaldehyde (0.40 mmol, 1.5 
equiv), 255 mg of ZnI2 (0.80 mmol, 3.0 equiv), and 124 μL of NEt3 (0.89 mmol, 3.3 equiv).  
After flash chromatography (1:1 CH2Cl2: petroleum ether), 74.3 mg (76% over 2 steps) of a 
47:53 ratio of 11i:12i was isolated.  Analytical data for 11i: IR (thin film, cm-1) 2983, 2962, 
2175, 1757, 1736, 1371, 1252, 1155, 1082, 1007, 874, 845, 760, 737; 1H NMR (400 MHz, 
CDCl3) δ 7.38 (d, J = 2.0 Hz, 1H), 6.51 (d, J = 2.8 Hz, 1H), 6.34 (dd, J = 2.8, 2.0 Hz, 1H), 
5.34 (s, 1H), 1.63 (s, 1H), 1.45 (s, 3H), 1.45 (s, 9H), 0.048 (s, 9H); 13C NMR (100 MHz, 
CDCl3) δ 166.8, 149.3, 142.7, 111.9, 110.5, 109.4, 100.1, 93.7, 83.4, 80.5, 78.8, 27.9, 27.6, 
26.3, -0.4; TLC (4:1 CH2Cl2: petroleum ether) Rf 0.52. Anal. Calcd for C23H32O4Si: C, 
62.61; H, 7.74. Found: C, 62.76; H, 7.78.  Analytical data for 12i: IR (thin film, cm-1) 2980, 
2939, 2902, 2173, 1807, 1753, 1504, 1477, 1458, 1371, 1309, 1250, 1159, 1086, 935, 854, 
760, 702, 600; 1H NMR (400 MHz, CDCl3) δ 7.37 (d, J = 1.6 Hz, 1H), 6.37 (d, J = 3.2 Hz, 
1H), 6.33 (dd, J = 3.2, 1.6 Hz, 1H), 5.38 (s, 1H), 1.65 (s, 1H), 1.57 (s, 3H), 1.22 (s, 9H), 0.14 
(s, 9H); 13C NMR (100 MHz, CDCl3) δ 165.8, 148.9, 143.1, 112.5, 110.7, 109.6, 102.9, 91.4, 
82.6, 81.5, 80.1, 27.6, 27.1, 26.1, -0.2; TLC (4:1 CH2Cl2: petroleum ether) Rf 0.44.  
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 2,2-Dimethyl-5-(tetrahydro-furan-2-yl)-4-(2-trimethylsilanyl-ethyl)-[1,3]dioxolane-4-
carboxylic acid tert-butyl ester (19i).  The title compound was prepared according to 
General Procedure C using 30.0 mg of 11i (0.082 mmol, 1.0 equiv) and 4.0 mg of 10% Pd/C.  
After flash chromatography (4:1 CH2Cl2: petroleum ether), 15.9 mg (59%) of 19i was 
isolated as a single diastereomer (relative configuration at 2-position of THF ring not 
determined).  Analytical data for 19i: IR (thin film, cm-1) 2980, 2953, 2873, 1740, 1458, 
1367, 1250, 1145, 1074, 912, 864, 839, 764, 692; 1H NMR (400 MHz, CDCl3) δ 4.08-4.01 
(m, 1H), 3.89-3.81 (m, 2H), 3.69-3.62 (m, 1H), 2.07 (ddd, J = 14.0, 4.0, 4.0 Hz, 1H), 1.95-
1.78 (m, 4H), 1.58-1.50 (m, 4H), 1.48 (s, 9H), 1.36 (s, 3H), 0.69 (ddd, J = 14.0, 4.0, 4.0 Hz, 
1H), 0.42 (ddd, J = 14.0, 3.6, 3.6 Hz, 1H), -0.06 (s, 9H); 13C NMR (100 MHz, CDCl3) 
δ 171.5, 109.6, 87.6, 85.4, 81.9, 77.4, 68.5, 32.3, 28.3, 28.2, 27.2, 27.1, 26.1, 10.6, -1.7; 
LRMS (ES): 373.10 [M+H]+; TLC (4:1 CH2Cl2: petroleum ether) Rf 0.33. 
 Entry 10, Table 3-3 and Stereochemical Proof 
O
SiMe3
tBuO2C
+ +
O
OtBuO2C
Me Me
Me3Si
1) ZnI2; NEt3
C7H8; -30 ºC
2) CSA; acetone 
(MeO)2CMe2
1b
H
O
O
Me Me
Me3Si
H
+
11j 12j
tBuO2CHMe3Si Ph
Ph
Ph
CHO
 
 2,2-Dimethyl-5-styryl-4-trimethylsilanylethynyl-[1,3]dioxolane-4-carboxylic acid tert-
butyl ester (11j and 12j, entry 10, Table 3-3).  The title compound was prepared according 
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to General Procedure B using 60 μL of 1b (0.27 mmol, 1.0 equiv), 113 μL of 
trimethylsilylacetylene (0.80 mmol, 3.0 equiv), 50 μL of cinnamaldehyde (0.40 mmol, 1.5 
equiv), 255 mg of ZnI2 (0.80 mmol, 3.0 equiv), and 124 μL of NEt3 (0.89 mmol, 3.3 equiv).  
After flash chromatography (5:95 EtOAc: petroleum ether), 91 mg (84% over 2 steps) of a 
53:47 ratio of 11j:12j was isolated.  Analytical data for 11j: IR (thin film, cm-1) 2983, 2960, 
2933, 2171, 1757, 1736, 1450, 1371, 1252, 1161, 1082, 964, 879, 845, 760, 694; 1H NMR 
(400 MHz, CDCl3) δ 7.39 (d, J = 6.8 Hz, 2H), 7.29 (dd, J = 8.4, 6.8 Hz, 2H), 7.24 (t, J = 8.4 
Hz, 1H), 6.68 (d, J = 16.0 Hz, 1H), 6.36 (dd, J = 16.0, 7.6 Hz, 1H), 4.73 (d, J = 7.6 Hz, 1H), 
1.59 (s, 3H), 1.45 (s, 3H), 1.45 (s, 9H), 0.13 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 166.8, 
136.6, 135.1, 128.7, 128.3, 126.9, 124.2, 111.9, 100.7, 93.7, 83.2, 82.8, 80.7, 27.9, 27.8, 26.4, 
-0.2; TLC (1:9 EtOAc: petroleum ether) Rf 0.50. Anal. Calcd for C23H32O4Si: C, 68.96; H, 
8.05. Found: C, 68.97; H, 8.14.  Analytical data for 12j: IR (thin film, cm-1) 2960, 2931, 
2171, 1737, 1450, 1369, 1252, 1157, 1068, 968, 845, 760, 746, 694; 1H NMR (400 MHz, 
CDCl3) δ 7.35 (d, J = 7.2 Hz, 2H), 7.28 (dd, J = 8.0, 7.2 Hz, 2H), 7.21 (t, J = 8.0 Hz, 1H), 
6.73 (d, J = 16.0 Hz, 1H), 6.12 (dd, J = 16.0, 6.4 Hz, 1H), 4.93 (d, J = 6.4 Hz, 1H), 1.63 (s, 
3H), 1.52 (s, 3H), 1.33 (s, 9H), 0.17 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 166.6, 136.3, 
133.8, 128.8, 128.3, 126.9, 122.4, 112.3, 102.5, 91.6, 86.1, 82.9, 80.5, 28.1, 27.2, 26.1, -0.06; 
TLC (1:9 EtOAc: petroleum ether) Rf 0.58.  
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 2,2-Dimethyl-5-phenethyl-4-(2-trimethylsilanyl-ethyl)-[1,3]dioxolane-4-carboxylic 
acid tert-butyl (19j).  The title compound was prepared according to General Procedure C 
using 30.0 mg of 11j (0.076 mmol, 1.0 equiv) and 5.0 mg of 10% Pd/C.  After flash 
chromatography (5:95 EtOAc: petroleum ether), 26.9 mg (87%) of 19j was isolated as an oil.  
Analytical data for 19j: IR (thin film, cm-1) 2980, 2954, 1751, 1720, 1605, 1497, 1456, 1369, 
1250, 1142, 1065, 864, 843, 750, 700; 1H NMR (400 MHz, CDCl3) δ  7.29-7.21 (m, 2H), 
7.19-7.13 (m, 3H), 3.95 (dd, J = 5.0 Hz, 1H), 2.88 (ddd, J = 14.0, 6.5, 6.5 Hz, 1H), 2.65 (ddd, 
J = 13.5, 8.5, 8.5 Hz, 1H), 1.95-1.87 (m, 2H), 1.69 (ddd, J = 13.5, 4.0, 4.0 Hz, 1H), 1.45 (s, 
3H), 1.46-1.41 (m, 1H), 1.38 (s, 3H), 1.35 (s, 9H), 0.72 (ddd, J = 14.0, 4.0, 4.0 Hz, 1H), 0.18 
(ddd, J = 14.0, 4.0, 4.0 Hz, 1H), -0.06 (s, 9H); 13C NMR (100 MHz, CDCl3) δ  171.7, 141.7, 
128.8, 128.7, 126.2, 108.9, 86.7, 81.6, 79.5, 33.2, 31.3, 28.4, 28.1, 27.3, 25.6, 9.9, -1.8; 
LRMS (ES): 406.81 [M]+; TLC (1:9 EtOAc: petroleum ether) Rf 0.60. 
 General Procedure for Three Component Coupling Reactions (Table 3-5) 
O
SitBuMe2
tBuO2C ++ RCHOHR'
 ZnI2, Et3N
1c
R
OH
15
tBuO2C
OSitBuMe2
R'
    C7H8, -60 °C
 
 General Procedure D.  A 10 mL round bottom flask equipped with a stirbar was charged 
with ZnI2 (4.0 equiv) in the dry box.  The flask was fitted with a septum and removed from 
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the dry box where it was charged with toluene (1 mL) and NEt3 (4.4 equiv) under an Ar 
atmosphere.  After stirring for 15 min, the corresponding alkyne (4.0 equiv) was added and 
the heterogeneous reaction was stirred an additional 15 min.  The reaction was cooled to -60 
°C and silylglyoxylate 1c (1.0 equiv) and the corresponding aldehyde (1.5 equiv) were added.  
After 48 to 60 h (reactions monitored by TLC), the reaction was quenched by addition of 
saturated aqueous NH4Cl solution (1 mL).  The layers were separated, and the aqueous layer 
was extracted with Et2O (2 X 5 mL).  The combined organic layers were washed with H2O 
(10 mL), brine (10 mL), dried (MgSO4), and concentrated in vacuo.  The crude material was 
purified by flash chromatography using the indicated solvent system. 
 Entry 1, Table 3-5  
O
SitBuMe2
tBuO2C ++ PhCHOHPh
1c
Ph
OH
15a
tBuO2C
OSitBuMe2
Ph
 ZnI2, Et3N
    C7H8, -60 °C
 
 2-(tert-Butyl-dimethyl-silanyloxy)-2-(hydroxy-phenyl-methyl)-4-phenyl-but-3-ynoic 
acid tert-butyl ester (15a, entry 1, Table 3-5).  The title compound was prepared according 
to General Procedure D using 70 μL of 1c (0.27 mmol, 1.0 equiv), 119 μL of 
phenylacetylene (1.08 mmol, 4.0 equiv), 41 μL of benzaldehyde (0.40 mmol, 1.5 equiv), 345 
mg of ZnI2 (1.08 mmol, 4.0 equiv), and 170 μL of NEt3 (1.19 mmol, 4.4 equiv).  After flash 
chromatography (5:95 EtOAc: petroleum ether), 88.5 mg (73%) of an 83:17 ratio of 
diastereomers was isolated (relative chemistry assigned by analogy).  Analytical data for 15a: 
IR (thin film, cm-1) 3558, 3485, 2929, 2856, 2233, 1753, 1491, 1369, 1252, 1134, 1043, 937, 
841; 1H NMR (400 MHz, CDCl3) δ 7.46 (dd, J = 7.6, 2.0 Hz, 2H), 7.33-7.23 (m, 8H), 5.08 
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(d, J = 8.8 Hz, 1H), 3.14 (d, J = 8.8 Hz, 1H), 1.51 (s, 9H), 0.88 (s, 9H), 0.17 (s, 3H), -0.18 (s, 
3H); 13C NMR (100 MHz, CDCl3) δ 169.2, 138.6, 131.7, 129.0, 128.6, 128.3, 128.1, 127.4, 
122.3, 89.1, 86.9, 83.1, 79.4, 77.4, 28.1, 26.2, 18.6, -3.3, -3.7; TLC (5:95 EtOAc: petroleum 
ether) Rf 0.23.  See Supporting Information B of ref. 8 for 1H NMR spectrum. 
 Entry 2, Table 3-5  
O
SitBuMe2
tBuO2C ++ PhCHO
1c
Ph
OH
15b
tBuO2C
OSitBuMe2
Me
H
5
Me 5
 ZnI2, Et3N
    C7H8, -60 °C
 
 2-(tert-Butyl-dimethyl-silanyloxy)-2-(hydroxy-phenyl-methyl)-dec-3-ynoic acid tert-
butyl ester (15b, entry 2, Table 3-5).  The title compound was prepared according to 
General Procedure D using 70 μL of 1c (0.27 mmol, 1.0 equiv), 160 μL of 1-octyne (1.08 
mmol, 4.0 equiv), 41 μL of benzaldehyde (0.40 mmol, 1.5 equiv), 345 mg of ZnI2 (1.08 
mmol, 4.0 equiv), and 170 μL of NEt3 (1.19 mmol, 4.4 equiv).  After flash chromatography 
(5:95 EtOAc: petroleum ether), 90 mg (73%) of a 90:10 ratio of diastereomers was isolated 
(relative chemistry assigned by analogy).  Analytical data for 15b: IR (thin film, cm-1) 3554, 
2958, 2929, 2858, 2241, 1753, 1462, 1392, 1369, 1250, 1165, 1126, 1049, 939, 901, 841, 
781, 698; 1H NMR (300 MHz, CDCl3) δ 7.40-7.35 (m, 2H), 7.27-7.22 (m, 3H), 4.93 (d, J = 
8.7 Hz, 1H), 3.07 (d, J = 8.7 Hz, 1H), 2.13 (t, J = 6.9 Hz, 2H), 1.46 (s, 9H), 1.46-1.32 (m, 
2H), 1.31-1.22 (m, 6H), 0.89-0.79 (m, 12H), 0.11 (s, 3H), -0.24 (s, 3H); 13C NMR (100 
MHz, CDCl3) δ 169.7, 138.8, 128.3, 127.9, 127.3, 90.3, 82.7, 79.3, 77.0, 31.5, 28.7, 28.2, 
28.1, 26.2, 22.8, 18.9, 18.6, 14.3, -3.3, -3.7; TLC (5:95 EtOAc: petroleum ether) Rf 0.32.  See 
Supporting Information B of ref. 8 for 1H NMR spectrum. 
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 Entry 2, Table 3-5 (Diol)  
O
SitBuMe2
tBuO2C ++ PhCHO
1c
Ph
OH
tBuO2C
OH
Me
H
5
Me 5
-40 °C
23
 ZnI2, Et3N
    C7H8, -60 °C
TBAF
 
 2-Hydroxy-2-(hydroxy-phenyl-methyl)-dec-3-ynoic acid tert-butyl ester (23, entry 2, 
Table 3-5).  A 10 mL round bottom flask equipped with a stirbar was charged with 689 mg 
of ZnI2 (2.16 mmol, 4.0 equiv) in the dry box.  The flask was fitted with a septum and 
removed from the dry box where it was charged with toluene (2 mL) and 0.33 mL of NEt3 
(2.38 mmol, 4.4 equiv) under an Ar atmosphere.  After stirring for 15 min, 319 μL of 1-
octyne (2.16 mmol, 4.0 equiv) was added and the heterogeneous reaction was stirred an 
additional 15 min.  The reaction was cooled to -60 °C and 140 μL of silylglyoxylate 1c (0.54 
mmol, 1.0 equiv) and 82 μL of benzaldehyde (0.81 mmol, 1.5 equiv) were added.  After 60 h 
(reaction monitored by TLC), the reaction was quenched by addition of 1 mL of saturated 
aqueous NH4Cl solution.  The layers were separated, and the aqueous layer was extracted 
with Et2O (2 X 5 mL).  The combined organic layers were washed with H2O (10 mL), brine 
(10 mL), dried (MgSO4), and concentrated in vacuo.   
 The crude material was dissolved in 2 mL of THF and cooled to -78 °C and 600 μL of a 
TBAF solution (1.0 M in THF, 0.6 mmol, 1.1 equiv) was added dropwise.  Following 
addition, the solution was warmed slowly to -40 °C and maintained at that temperature for an 
additional 3 h.  The reaction was quenched by the addition of 2 mL of H2O at -40 °C.  Et2O 
(5 mL) was added and the layers were separated.  The aqueous layer was extracted with Et2O 
(2 X 5 mL) and the combined organic layers were washed with brine (10 mL), dried 
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(Mg2SO4), and concentrated in vacuo.  The crude diol was recrystallized from hot hexanes at 
-30 °C to afford 98.8 mg (53%) of the diastereomerically pure diol as a white solid (mp 86.5-
87.0 °C).  The relative stereochemistry was determined by ketalization of the diol 
(CSA/DMP; vide supra) to furnish the corresponding acetonide; the analytical data for the 
actetonide obtained matched identically with that of 9b.  Analytical data for 23: IR (nujol, 
cm-1) 3307, 2920, 2852, 2241, 1743, 1458, 1377, 1275, 1169, 1117, 847, 729, 694; 1H NMR 
(400 MHz, CDCl3) δ 7.48-7.43 (m, 2H), 7.34-7.24 (m, 3H), 4.94 (d, J = 8.0 Hz, 1H), 3.78 (s, 
1H), 2.69 (d, J = 8.0 Hz, 1H), 2.10 (t, J = 6.8 Hz, 2H), 1.51 (s, 9H), 1.44-1.30 (m, 2H), 1.29-
1.12 (m, 6H), 0.85 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ ; TLC (1:9 EtOAc: 
petroleum ether) Rf 0.16.  See Supporting Information B of ref. 8 for 1H NMR spectrum. 
 Entry 3, Table 3-5  
O
SitBuMe2
tBuO2C ++ HMe3Si
1c
2-MeC6H4
OH
4c
tBuO2C
OSitBuMe2
Me3Si
2-MeC6H4CHO
 ZnI2, Et3N
    C7H8, -60 °C
 
 2-(tert-Butyl-dimethyl-silanyloxy)-2-(hydroxy-o-tolyl-methyl)-4-trimethylsilanyl-but-
3-ynoic acid tert-butyl ester (15c, entry 3, Table 3-5).  The title compound was prepared 
according to General Procedure D using 70 μL of 1c (0.27 mmol, 1.0 equiv), 190 μL of 
trimethylsilylacetylene (1.35 mmol, 5.0 equiv), 46 μL of o-tolualdehyde (0.40 mmol, 1.5 
equiv), 431 mg of ZnI2 (1.35 mmol, 5.0 equiv), and 210 μL of NEt3 (1.49 mmol, 5.5 equiv).  
After flash chromatography (30:70 CH2Cl2: petroleum ether), 87.8 mg (73%) of a 91:9 ratio 
of diastereomers was isolated (relative chemistry assigned by analogy).  Analytical data for 
15c: IR (thin film, cm-1) 3554, 2960, 2929, 2858, 2165, 1755, 1471, 1369, 1252, 1144, 1103, 
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1038, 920, 843; 1H NMR (400 MHz, CDCl3) δ 7.41 (dd, J = 6.0, 4.8 Hz, 1H), 7.14 (dd, J = 
5.6, 3.6 Hz, 2H), 7.06 (dd, J = 8.8, 3.2 Hz), 5.35 (d, J = 9.6 Hz, 1H), 3.17 (d, J = 9.2 Hz, 1H), 
2.42 (s, 3H), 1.49 (s, 9H), 0.92 (s, 9H), 0.18 (s, 3H), -0.02 (s, 9H), -0.16 (s, 3H); 13C NMR 
(100 MHz, CDCl3) δ 169.2, 137.7, 136.6, 129.8, 127.8, 127.6, 125.3, 102.3, 93.8, 82.8, 76.7, 
74.2, 28.0, 26.3, 20.4, 18.7, -0.6, -3.1, -3.3; TLC (1:9 EtOAc: petroleum ether) Rf 0.48.  See 
Supporting Information B of ref. 8 for 1H NMR spectrum. 
Entry 4, Table 3-5 
O
SitBuMe2
tBuO2C ++
1c
4-(OMe)C6H4
OH
15d
tBuO2C
OSitBuMe2
Me
H
5
Me 5
CHO
OMe
 ZnI2, Et3N
    C7H8, -60 °C
 
 2-(tert-Butyl-dimethyl-silanyloxy)-2-(hydroxy-4-methoxyphenyl-methyl)-dec-3-ynoic 
acid tert-butyl ester (15d, entry 4, Table 3-5).  The title compound was prepared according 
to General Procedure D using 70 μL of 1c (0.27 mmol, 1.0 equiv), 199 μL of 1-octyne (1.35 
mmol, 5.0 equiv), 49 μL of p-anisaldehyde (0.40 mmol, 1.5 equiv), 431 mg of ZnI2 (1.35 
mmol, 4.0 equiv), and 210 μL of NEt3 (1.49 mmol, 5.5 equiv).  After flash chromatography 
(10:90 EtOAc: petroleum ether), 96.0 mg (72%) of a 90:10 ratio of diastereomers was 
isolated (relative chemistry assigned by analogy).  Analytical data for 15d: IR (thin film, cm-
1) 3563, 2956, 2931, 2858, 2241, 1753, 1614, 1514, 1464, 1369, 1250, 1173, 1128, 1038, 
941, 833, 781; 1H NMR (400 MHz, CDCl3) δ 7.30 (d, J = 8.4 Hz, 2H), 6.79 (d, J = 8.4 Hz, 
2H), 4.88 (d, J = 8.4 Hz, 1H), 3.77 (s, 3H), 3.00 (d, J = 8.4 Hz, 1H), 2.13 (dd, J = 6.8, 6.8 Hz, 
2H), 1.45 (s, 9H), 1.45-1.36 (m, 2H), 1.33-1.17 (m, 6H), 0.87 (s, 9H), 0.85 (dd, J = 7.2, 7.2 
Hz, 3H), 0.12 (s, 3H), -0.19 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 169.7, 159.4, 131.1, 
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129.4, 112.7, 90.1, 82.6, 79.0, 77.8, 55.4, 31.6, 28.8, 28.3, 28.1, 26.2, 22.8, 18.9, 18.6, 14.3, -
3.3, -3.5; TLC (10:90 EtOAc: petroleum ether) Rf 0.33.  See Supporting Information B of ref. 
8 for 1H NMR spectrum. 
Entry 5, Table 3-5 
O
SitBuMe2
tBuO2C ++
1c
2-(Me)C6H4
OH
15e
tBuO2C
OSitBuMe2
Me
H
5
Me 5
CHO
Me  ZnI2, Et3N
    C7H8, -60 °C
 
 2-(tert-Butyl-dimethyl-silanyloxy)-2-(hydroxy-2-methylphenyl-methyl)-dec-3-ynoic 
acid tert-butyl ester (15e, entry 5, Table 3-5).  The title compound was prepared according 
to General Procedure D using 70 μL of 1c (0.27 mmol, 1.0 equiv), 199 μL of 1-octyne (1.35 
mmol, 5.0 equiv), 46 μL of o-tolualdehyde (0.40 mmol, 1.5 equiv), 431 mg of ZnI2 (1.35 
mmol, 4.0 equiv), and 210 μL of NEt3 (1.49 mmol, 5.5 equiv).  After flash chromatography 
(30:70 CH2Cl2: petroleum ether linear gradient to 60:40 CH2Cl2: petroleum ether), 87.6 mg 
(68%) of a 92:8 ratio of diastereomers was isolated (relative chemistry assigned by analogy).  
Analytical data for 15e: IR (thin film, cm-1) 3556, 2931, 2858, 2241, 1753, 1734, 1467, 1369, 
1250, 1165, 1122, 1041, 1005, 930, 841, 810, 781; 1H NMR (300 MHz, CDCl3) δ 7.41 (dd, J 
= 6.0, 1.6 Hz, 1H), 7.16-7.08 (m, 2H), 7.06 (dd, J = 4.4, 1.6 Hz, 1H), 5.33 (d, J = 9.6 Hz, 
1H), 3.17 (d, J = 9.2 Hz, 1H), 2.42 (s, 3H), 2.03 (dd, J = 6.8, 6.8 Hz, 2H), 1.49 (s, 9H), 1.36-
1.11 (m, 8H), 0.93 (s, 9H), 0.83 (dd, J = 7.2, 7.2 Hz, 2H), 0.16 (s, 3H), -0.16 (s, 3H); 13C 
NMR (100 MHz, CDCl3) δ 169.9, 138.0, 136.6, 129.8, 127.8, 127.7, 125.3, 89.2, 82.6, 77.7, 
76.6, 74.4, 31.5, 28.6, 28.1, 26.3, 22.7, 20.2, 18.9, 18.7, 14.2, -3.2, -3.3; TLC (30:70 CH2Cl2: 
petroleum ether) Rf 0.17.  See Supporting Information B of ref. 8 for 1H NMR spectrum. 
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 Enantioselective Three Component Coupling 
O
SiMe3
tBuO2C
++
1) (+)-N-Methylephedrine
Zn(OTf)2, Et3N
C7H8, -30 °C
2) HCl, MeOH
1b
tBuO2C
Ph
OH
17
30% yield
syn:anti = 89:11
64% ee
PhCHOHPh
OH
Ph
 
 2-Hydroxy-2-(hydroxyl-phenyl-methyl)-4-phenyl-but-3-ynoic acid tert-butyl ester 
(17).  A 10 mL round bottom flask equipped with a stirbar was charged with 324 mg of 
Zn(OTf)2 (0.89 mmol, 3.3 equiv) and 160 mg of N-(+)-methylephedrine (0.89 mmol, 3.0 
equiv) in the dry box.  The flask was fitted with a septum and removed from the dry box 
where it was charged with toluene (2 mL) and 0.26 mL of NEt3 (1.89 mmol, 7.0 equiv) under 
an Ar atmosphere.  After stirring for 2 h, 88 μL of phenylacetylene (0.81 mmol, 3.0 equiv) 
was added and the heterogeneous reaction was stirred an additional 15 min.  The reaction 
was cooled to ~ -50 °C and 60 μL of 1b (0.27 mmol, 1.0 equiv) and 41 μL of benzaldehyde 
(0.40 mmol, 1.5 equiv) were added.  The solution was allowed to warm to -30 °C.  After 24 
h, the reaction was quenched by addition of 1 mL of saturated aqueous NH4Cl solution.  The 
layers were separated, and the aqueous layer was extracted with Et2O (2 X 5 mL).  The 
combined organic layers were washed with H2O (10 mL), brine (10 mL), dried (MgSO4), and 
concentrated in vacuo.  The crude material was dissolved in MeOH (2 mL) and 10 drops of 1 
M HCl were added.  After 15 min, the reaction was partitioned between 5 mL of CH2Cl2 and 
2 mL of H2O.  The layers were separated and the organic layer was dried (Na2SO4) and 
concentrated in vacuo.  The crude diol was purified by flash chromatography (30:70 EtOAc: 
petroleum ether) to furnish 27.8 mg (30%) of the pure diol as an 89:11 mixture of 
diastereomers.  CSP-SFC analysis of 17 showed that the major diastereomer was formed in 
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64% ee and the minor was formed in 15% ee as determined by CSP-SFC analysis (Chiralpak 
AD column, 10% MeOH, 0.4 mL/min, 100 psi, 40 °C, 240 nm, tr-major diastereomer, minor enantiomer 
35.7 min, tr- minor diastereomer, major enantiomer 38.7 min, tr-minor diastereomer, minor enantiomer 41.7 min, tr- major 
diastereomer, major enantiomer 43.6 min).  Analytical data for 17 (reported as a mixture of inseparable 
diastereomers): 1H NMR (400 MHz, CDCl3) δ  7.58-7.45 (m, 4H), 7.47-7.39 (m, 2H), 7.38-
7.20 (m, 16H), 5.09 (s, 1H), 5.05 (s, 1H), 3.93 (s, 1H), 3.80 (s, 1H), 1.55 (s, 9H), 1.38 (s, 
9H); TLC (3:7 EtOAc: petroleum ether) Rf 0.27.   
 Mechanistic Experiments (Scheme 3-6) 
HPh PhCHO+
ZnI2; NEt3
C7H8
Ph
Ph
OH
20
-30 °C
then NH4Cl
 
 Control Experiment: Formation of 1,3-diphenyl-prop-2-yn-1-ol (20).  A 10 mL round 
bottom flask equipped with a stirbar was charged with 517 mg of ZnI2 (1.62 mmol, 4.0 
equiv) in the dry box.  The flask was fitted with a septum and removed from the dry box 
where it was charged with toluene (2 mL) and 0.25 mL of NEt3 (1.78 mmol, 4.4 equiv) under 
an Ar atmosphere.  After stirring for 15 min, 0.152 mL of phenylacetylene (1.62 mmol, 4.0 
equiv) was added and the heterogeneous reaction was stirred an additional 15 min.  The 
reaction was cooled to ~ -50 °C and 41 μL of benzaldehyde (0.40 mmol, 1.0 equiv) was 
added and the solution was allowed to warm to -30 °C.  After 60 h, the reaction was 
quenched by addition of 1 mL of saturated aqueous NH4Cl solution.  The layers were 
separated, and the aqueous layer was extracted with Et2O (2 X 5 mL).  The combined organic 
layers were washed with H2O (10 mL), brine (10 mL), dried (MgSO4), and concentrated in 
vacuo.  The crude material was purified by passage through a plug of SiO2 with EtOAc: 
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petroleum ether (1:4) as the eluent to furnish 83.1 mg (99%) of the pure propargyl alcohol.  
The 1H NMR data for 20 matched with the previously reported data.7 
+
ZnI2, Et3N
PhCHO
aq. NH4Cl Ph
OH
Ph
A
1b (24 h); +
20
99%
11a 12a
+tBuO2C
H
O
O
Ph MeMe
Ph
tBuO2C
Ph
O
O
Ph MeMe
H
Ph
OH
Ph
20
77%
≤ 8%
Ph
H
Ph
Ph
OOH
SiMe3
tBuO2C +
≤ 10%
21 22
C7H8, -30 °C
48 h
then CSA,
(MeO)2CMe2
 
 Scheme 3-7 Mechanistic Experiment.  A 10 mL round bottom flask equipped with a 
stirbar was charged with 517 mg of ZnI2 (1.62 mmol, 6.0 equiv) in the dry box.  The flask 
was fitted with a septum and removed from the dry box where it was charged with toluene (2 
mL) and 0.25 mL of NEt3 (1.78 mmol, 6.6 equiv) under an Ar atmosphere.  After stirring for 
15 min, 0.152 mL of phenylacetylene (1.62 mmol, 6.0 equiv) was added and the 
heterogeneous reaction was stirred an additional 15 min.  The reaction was cooled to ~ -50 
°C and 41 μL of benzaldehyde (0.40 mmol, 1.5 equiv) was added and the solution was 
allowed to warm to -30 °C.  After 48 h, 60 μL of 1b (0.27 mmol, 1.0 equiv) was added via 
syringe.  After an additional 24 h, the reaction was quenched by addition of 1 mL of 
saturated aqueous NH4Cl solution.  The layers were separated, and the aqueous layer was 
extracted with Et2O (2 X 5 mL).  The combined organic layers were washed with H2O (10 
mL), brine (10 mL), dried (MgSO4), and concentrated in vacuo.  The crude material was 
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purified by passage through a plug of SiO2 with EtOAc: petroleum ether (1:4) as the eluent to 
furnish 63.8 mg (77%) of the pure propargyl alcohol.  The 1H NMR data for 20 matched with 
the previously reported data.7  The remaining fractions that did not contain 20 were 
concentrated in vacuo and were subjected to the typical deprotection/ketalization conditions 
outlined in General Procedure A: the crude material was dissolved in 2 mL of a 1:1 mixture 
of 2,2-dimethoxypropane: acetone and was treated with 30 mg of CSA (0.14 mmol, 0.5 
equiv).  After 12 h, the reaction was partitioned between H2O (5 mL) and Et2O (5 mL).  The 
organic layer was dried (MgSO4) and concentrated to give a crude mixture of 11a and 12a 
which was purified by flash chromatography (5:95 EtOAc: petroleum ether) to give 8.4 mg 
(8%) of a 74:26 d.r. of 11a:12a (see above for characterization data). 
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CHAPTER 4 
APPLICATION OF THE SILYLGLYOXYLATE GLYCOLATE ALDOL 
REACTION: PROGRESS TOWARD THE TOTAL SYNTHESIS OF 
ZARAGOZIC ACID C 
4.1  Introduction 
 The zaragozic acids (squalestatins) have garnered a great deal of attention over the past 15 
years for their value as potent mammalian squalene synthase inhibitors, the first committed 
step in cholesterol production.  Three research groups at Merck,1 Glaxo,2 and Tokyo 
University/Mitsubishi Kasei Corporation3 almost simultaneously reported the isolation of the 
zaragozic acids in 1991 and 1992 from the metabolites of three distinct fungal cultures: 
ATCC20986, Phoma sp.C2932, and Septospheria khartoumensis.  Ultimately the name of 
this family of natural products was derived from the location where one of the fungi
                                                 
(1) (a) Bergstrom, J. D.; Kurtz, M. M.; Rew, D. J.; Amend, A. M.; Karkas, J. D.; Bostedor, R. G.; Bansal, V. S.; 
Dufresne, C.; VanMiddlesworth, F. L.; Hensens, O. D.; Liesch, J. M.; Zink, D. L.; Wilson, K. E.; Onishi, J.; 
Milligan, J. A.; Bills, G.; Kaplan, L.; Nallin-Omstead, M.; Jenkins, R. G.; Huang, L.; Meinz, M. S.; Quinn, 
L.; Burg, R. W.; Kong, Y. L.; Mochales, S.; Mojena, M.; Martin, I.; Pelaez, F.; Diez, M. T.; Alberts, A. W. 
Proc. Natl. Acad. Sci. USA 1993, 90, 80-84.  (b) Hensens, O. D.; Dufresne, C.; Liesch, J. M.; Zink, D. L.; 
Reamer, R. A.; VanMiddlesworth, F. Tetrahedron Lett. 1993, 34, 399-402. 
(2) (a) Dawson, M. J.; Farthing, J. E.; Marshall, P. S.; Middleton, R. F.; O'Neill, M. J.; Shuttleworth, A.; Stylli, 
C.; Tait, R. M.; Taylor, P. M.; Wildman, H. G.; Buss, A. D.; Langley, D.; Hayes, M. V. J. Antibiot. 1992, 
45, 639-647.  (b) Sidebottom, P. J.; Highcock, R. M.; Lane, S. J.; Procopiou, P. A.; Watson, N. S. J. 
Antibiot. 1992, 45, 648-658. 
(3) Hasumi, K.; Tachikawa, K.; Sakai, K.; Murakawa, S.; Yoshikawa, N.; Kumazawa, S.; Endo, A. J. Antibiot. 
1993, 46, 689-691. 
 (ATCC20986) was isolated, Zaragoza, Spain.  While the densely oxygenated 2,8-
dioxabicyclo[3.2.1]octane-3,4,5-tricarboxylic acid core of the zaragozic acid family remains 
constant throughout, variation in the side chain structure is the distinguishing feature between 
the members of this family.  Two variants are depicted in Figure 4-1. 
Figure 4-1.  Zaragozic Acid Structure 
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 Extensive studies have demonstrated the effectiveness of the zaragozic acids toward the 
inhibition of squalene production.  Whereas typical cholesterol reducing pharmaceuticals aim 
at curtailing mevalonic acid production in the sterol biosynthetic pathway by inhibition of 
HMG-CoA reductase, the zaragozic acids target the squalene synthase enzyme (Scheme 4-
1).  By and large, lowering cholesterol fabrication in humans by cutting farnesyl 
pyrophosphate cellular concentrations using HMG-CoA reductase inhibitors such as 
Mevacor (Merck), Zocor (Merck), and Pravachol (Sankyo/Bristol-Myers-Squibb) has not 
resulted in serious side effects.4  However, farnesyl pyrophosphate is an essential component 
in a number of other biosynthetic pathways: the farnesylation of select proteins, reductive 
dimerization to geranylgeranyl pyrophosphate (responsible for protein isoprenylation), and is 
                                                 
(4) For a review on HMG-CoA reductase inhibitors see: Endo, A.; Hasumi, K. Nat. Prod. Rep. 1993, 10, 541-
550. 
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Scheme 4-1.  Isoprenoid Metabolism in Mammalian Cells 
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a precursor to the antioxidant ubiquinone as well as other important sterols.5 
 In vitro studies have shown the zaragozic acids to display Ki values as low as 29 pM for 
the inhibition of squalene synthase.  Further in vivo experiments concluded that ED50 (median 
effective dosage) values for cholesterol inhibition in mice were as little as 0.2 mg/kg.  
Researchers at Merck have speculated that the high affinity of squalene synthase for the 
zaragozic acids arises due to similarities in the structural characteristics of the zaragozic 
acids and the head to head farnesyl pyrophosphate dimer intermediate, presqualene  
                                                 
(5) Voet, D.; Voet, J. G. In Biochemistry; 2nd ed., John Wiley and Sons, Inc., New York, 1995; 692-704. 
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Figure 4-2.  Zaragozic Acid A and Presqualene Diphosphate Structure Comparison 
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diphosphate (Figure 4-2).  Both compounds possess triacidic core frameworks and are 
adorned with two lipophilic side chains, presumably allowing the zaragozic acids to mimic 
presqualene diphosphate.1 
 In addition to their potential use as powerful therapeutic agents for the treatment of 
hypercholesterolemia, the zaragozic acids also display high activity as broad spectrum 
antifungal agents.6  A more recent report documented the synergistic effects of employing 
the zaragozic acids in conjunction with radiochemotherapy to destroy acute myeloid 
leukemia (AML) cell lines.7  Attenuation of the cholesterol levels in the AML cells by the 
zaragozic acids sensitized the AML cells toward radiochemotherapy.  AML cells experienced 
an approximate 30% to 60% increase in mortality rate when treated with zaragozic acid A 
(256 μM) in concert with either cytarabine or γ-radiation chemotherapies, respectively. 
                                                 
(6) Procopiou, P. A.; Watson, N. S. Prog. Med. Chem. 1996, 331-378. 
(7) Li, H. Y.; Appelbaum, F. R.; Willman, C. L.; Zager, R. A.; Banker, D. E. Blood 2003, 101, 3628-3634. 
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4.2  Prior Synthetic Approaches to the Zaragozic Acids 
 The zaragozic acids have posed a daunting synthetic challenge that has captivated 
synthetic chemists for the past decade and a half.8  Three total syntheses of zaragozic acid 
A,9 five total syntheses of zaragozic acid C,10 and one total synthesis of the less oxygenated 
6,7-dideoxysqualestatin H511 have been published in this time frame, along with numerous 
partial syntheses of the core.8 
 The densely oxygenated 2,8-dioxabicyclo[3.2.1]octane-3,4,5-tricarboxylic acid core of the 
zaragozic acid family boasts six contiguous stereocenters in the bicyclic ketal framework.  
Some of the structural features that pose a significant synthetic challenge are the three fully 
substituted carbons (C1, C4 and C5), the ketal selectively formed between the hydroxyls on 
C3 and C5, the C1´ alkyl side chain, and differentiation of the hydroxyls at C6 and C7 by 
virtue of an acyl side chain at C6.  Moreover, for a synthetic plan relying on an acid-
promoted bicyclic ketalization to fashion the core, one must consider all possible ketals 
(Figure 4-3).  Surprisingly, semiempirical AM1 calculations performed by Evans on all 
possible ketal structures have suggested that the unnatural C3,C4 acetal (2) is the lowest in 
                                                 
(8) For pertinent reviews see: (a) Nadin, A.; Nicolaou, K. C. Angew. Chem. Int. Ed. 1996, 35, 1622-1656.  (b) 
Jotterand, N.; Vogel, P. Curr. Org. Chem. 2001, 5, 637-661.  (c) Armstrong, A.; Blench, T. J. Tetrahedron 
2002, 58, 9321-9349. 
(9) Syntheses of zaragozic acid A that are not explicitly mentioned in the ensuing text: (a) Caron, S.; Stoermer, 
D.; Mapp, A. K.; Heathcock, C. H. J. Org. Chem. 1996, 61, 9126-9134.  (b) Tomooka, K.; Kikuchi, M.; 
Igawa, K.; Suzuki, M.; Keong, P.-H.; Nakai, T. Angew. Chem. Int. Ed. 2000, 39, 4502-4505. 
(10) Syntheses of zaragozic acid C that are not explicitly mentioned in the ensuing text: Sato, H.; Nakamura, S.; 
Watanabe, N.; Hashimoto, S. Synlett 1997, 451-454. 
(11) (a) Martin, S. F.; Naito, S. J. Org. Chem. 1998, 63, 7592-7593.  (b) Naito, S.; Escobar, M.; Kym, P. R.; 
Liras, S.; Martin, S. F. J. Org. Chem. 2002, 67, 4200-4208. 
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Figure 4-3.  Open Chain Form of Zaragozic Acid C and Relative AM1 Conformational 
Energies of All Possible Ketals 
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relative energy.12  Undeterred by these findings, the Evans group speculated that if the open 
chain form (1) of zaragozic acid C could be accessed, conditions to form desired ketal 3 
could be found.13   
 Evans and coworkers elected to select a molecule derived from the pool of naturally 
occurring chiral scaffolds, di-tert-butyl-D-tartrate (5), as the initial source of chirality, also 
mirroring the tartaric acid subunit embedded in the natural product (Scheme 4-2).  
Ketalization of di-tert-butyl-D-tartrate followed by enolization with LHMDS and subsequent 
trapping with chlorotrimethylsilane furnished (Z)-silylketene acetal 6 in 82% yield over 2 
steps.  A Lewis acid-mediated aldol reaction with aldehyde 7 proceeded with complete 
selectivity for the α-face of the silylketene acetal.  The intermediate alcohol was oxidized in 
 
(12) Barrow, J. C. Ph.D. Thesis, Harvard University, 1996. 
(13) Evans, D. A.; Barrow, J. C.; Leighton, J. L.; Robichaud, A. J.; Sefkow, M. J. Am. Chem. Soc. 1994, 116, 
12111-12112. 
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the presence of Dess-Martin periodinane14 to give ketone 8 in good yield (77% over 2 steps).  
The authors surmised that the C5 stereochemistry could be introduced by relying on a 
chelate-controlled Grignard addition (9).  This presumption proved correct as addition of 
vinylmagnesium bromide to ketone 8 afforded the anticipated tertiary alcohol 10 in >10:1 
diastereoselectivity and in 76% yield.   
Scheme 4-2.  Key Steps from the Evans Total Synthesis of Zaragozic Acid C 
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 Several synthetic manipulations granted access to lactone 11, which was treated with 
organolithium 12 (acquired via lithium-halogen exchange from the corresponding iodide) in 
hexanes/Et2O (1:1) at -100 °C to successfully introduce the alkyl side chain.  It is noteworthy 
                                                 
(14) Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48, 4156-4158. 
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that the reaction proceeds with complete chemoselectivity and does not perturb any of the 
three tert-butyl esters.  Oxidative deprotection and acylation of the remote secondary alcohol 
with acetic anhydride provided bicyclic ketalization precursor 13.  The crucial acid-promoted 
bicyclic ketalization proceeded with complete regioselectivity to yield desired ketal 14 
following esterification of the derived triacid with N,N’-diisopropyl-O-tert-butylisourea.  
None of the other two previously mentioned bicyclic ketals were observed.  Intermediate 14 
was further elaborated in four steps to zaragozic acid C. 
 Carreira’s total synthesis of (+)-zaragozic acid C15 commenced from commercially 
available D-erythronic γ-lactone, which was transformed to alkyne 15 in 9 steps (Scheme 4-
3).  Introduction of the alkyl side chain early in the synthesis was accomplished by 
deprotonation of 15 with n-butyllithium and treatment of the resulting acetylide with 
aldehyde 16 in the presence of LiBr in THF.  Following oxidation of the resultant alcohol 
with Dess-Martin periodinane, reduction of the derived ynone to (E)-α,β-unsaturated ketone 
17 was effected by [Cr(OAc)2·H2O]2 to provide the intended enone in a four step yield of 
46%.  After extensive experimentation, the C6 and C7 stereochemistry was installed via a 
Sharpless asymmetric dihydroxylation16 with (DHQD)2PHAL as the ligand; however, poor 
levels of diastereocontrol were observed (1.7:1 ratio of the desired (6R,7R) isomer to the 
undesired (6S,7S)).  The isomeric mixture was subjected to HCl in MeOH to cleanly afford 
bicyclic ketal 19, possessing all the necessary core stereocenters in the correct oxidation state 
with the exception of C4.  Installation of the C4 stereocenter was realized by union of ketone  
                                                 
(15) (a) Carreira, E. M.; Du Bois, J. J. Am. Chem. Soc. 1994, 116, 10825-10826.  (b) Carreira, E. M.; Du Bois, 
J. J. Am. Chem. Soc. 1995, 117, 8106-8125. 
(16) Kolb, H. C.; VanNieuwenhze, M. S.; Sharpless, K. B. Chem. Rev. 1994, 94, 2483-2547. 
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Scheme 4-3.  Key Steps from Carreira’s Total Synthesis of Zaragozic Acid C 
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20 with lithiotrimethylsilylacetylene using NMe3 as an additive17 to furnish a 6.1:1 ratio of 
tertiary carbinols (21).  Oxidative cleavage of the acetylene fragment formed the necessary 
carboxylate and with further elaboration led to the first reported total synthesis of zaragozic 
acid C.  
 A double dihydroxylation tactic to establish the oxygenated C3, C4, C5, and C6 
stereocenters was accomplished in the Nicolau18 and later the Armstrong19 groups’ total 
                                                 
(17) It was speculated that the aggregation state of the lithioacetylene was key to diastereoselection.  NMe3 as 
an additive in Et2O solutions of lithioacetylenes has been shown to lead to tetrameric aggregation states: 
Fraenkel, G.; Pramanik, P. J. Chem. Soc. Chem. Commun. 1983, 1527-1529. 
(18) (a) Nicolaou, K. C.; Yue, E. W.; Naniwa, Y.; De Riccardis, F.; Nadin, A.; Leresche, J. E.; La Greca, S.; 
Yang, Z. Angew. Chem. Int. Ed. 1994, 33, 2184-2187.  (b) Nicolaou, K. C.; Nadin, A.; Leresche, J. E.; La 
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syntheses of zaragozic acids A and C, respectively.  Diene 22, when subjected to Sharpless 
asymmetric dihydroxylation conditions, underwent monodihydroxylation in 83% ee with 
complete regioselectivity in a modest 30% yield (Scheme 4-4).  Protection of the diol as the 
acetonide, oxidative cleavage of the p-methoxybenzyl group, and subsequent lactonization 
set the stage for the second dihydroxylation.  In the presence of OsO4 and N-
methylmorpholine-N-oxide in THF/tBuOH/H2O (1/1/1), the C3-C4 olefin of 23 was oxidized 
with complete diastereocontrol and afforded transesterified lactone 24.  
Scheme 4-4.  Nicolau’s Total Synthesis of Zaragozic Acid A 
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Greca, S.; Tsuri, T.; Yue, E. W.; Yang, Z. Angew. Chem. Int. Ed. 1994, 33, 2187-2190.  (c) Nicolaou, K. 
C.; Nadin, A.; Leresche, J. E.; Yue, E. W.; La Greca, S. Angew. Chem. Int. Ed. 1994, 33, 2190-2191. 
(19) (a) Armstrong, A.; Jones, L. H.; Barsanti, P. A. Tetrahedron Lett. 1998, 39, 3337-3340.  (b) Armstrong, A.; 
Barsanti, P. A.; Jones, L. H.; Ahmed, G. J. Org. Chem. 2000, 65, 7020-7032. 
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 Subsequent manipulations to lactone 24 provided fully-protected aldehyde 25 in 13 steps.  
The key C1-C7 bond construction is a common element in both Nicolau and Armstrong’s 
syntheses; both utilize similar lithiodithianes as masked acyl anion equivalents.  In the 
Nicolau synthesis, lithiodithiane 26 was added to a solution of aldehyde 25 in THF at -78 °C 
to furnish a 1.3:1 ratio of C7 alcohol epimers in 72% yield (27).20  Despite the poor 
diastereocontrol, the desired 7R epimer could be separated and submitted to acidic, then 
mercuric, and finally acidic conditions to arrive at the 2,8-dioxabicyclo[3.2.1]octane 
framework.  The remaining protecting group manipulations and acyl side chain introduction 
resulted in the total synthesis of zaragozic acid A in ten additional steps from 28. 
 Hashimoto and coworkers have recently reported an innovative approach to the zaragozic 
acid core.21  Their strategy relies on an ester carbonyl ylide-alkyne cycloaddition to 
efficiently construct the core (Scheme 4-5); this is in contrast to many of the previous 
synthetic efforts which have relied on acid-promoted ketalization to fabricate the zaragozic 
acid core.  This is not the first attempt to use a 1,3-dipolar cycloaddition to fashion the core: 
Koyama and coworkers at Merck have also reported a partial synthesis of the core employing 
an ester carbonyl ylide-enol ether cycloaddition.22 
 Hashimoto’s synthesis also began with di-tert-butyl-D-tartrate (5) which was converted to 
α-ketoester 29 in 8 steps.  Diastereoselective addition of the sodium enolate of tert-butyl  
                                                 
(20) Armstrong observed a 1:1 ratio of C7 alcohol epimers when employing a similar lithiodithiane in the 
formation of the C1-C7 bond (see ref. 19 for details). 
(21) (a) Kataoka, O.; Kitagaki, S.; Watanabe, N.; Kobayashi, J.; Nakamura, S.; Shiro, M.; Hashimoto, S. 
Tetrahedron Lett. 1998, 39, 2371-2374.  (b) Nakamura, S.; Hirata, Y.; Kurosaki, T.; Anada, M.; Kataoka, 
O.; Kitagaki, S.; Hashimoto, S. Angew. Chem. Int. Ed. 2003, 42, 5351-5355. 
(22) Koyama, H.; Ball, R. G.; Berger, G. D. Tetrahedron Lett. 1994, 35, 9185-9188. 
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Scheme 4-5.  Hashimoto’s Dipolar Cycloaddition Approach to Zaragozic Acid C 
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diazoacetate to ketoester 29 installed the necessary stereochemistry at C4 and following 
TMS-protection, set the stage for the key ester carbonyl ylide cycloaddition step.  Rhodium 
acetate-catalyzed decomposition of diazo ester 30 provided access to 1,3-dipole 31.  A 
number of electron-poor dipolarophiles could be successfully employed and reacted 
exclusively with the β-face of the 1,3-dipole (31); ultimately, 3-butyn-2-one was selected and 
yielded the bicyclic adduct (32) as a single isomer in 72% yield.  The α-olefin 33 was 
accessed in 13 additional steps and provided the necessary substrate for a key cross 
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metathesis step.23  In the presence of Grubb’s 2nd generation catalyst (G2), 33 underwent 
cross metathesis with alkene 34 (1.2 equiv) and led to the eventual completion of zaragozic 
acid C. 
4.3  Retrosynthetic Analysis 
 Our interest in the zaragozic acids was stimulated from our efforts with the three 
component coupling reactions of silylglyoxylates, alkynes, and aldehydes described in 
Chapter 3 (eq 1).  Unfortunately, the scope of the reaction precluded the use of aliphatic 
aldehydes.  In our attempts to search for conditions that would accommodate alkyl 
aldehydes, we were pleased to find that simply substituting vinyl Grignard for the alkyne 
nucleophile permitted the use of aliphatic aldehyde substrates, delivering adducts of identical 
C–C connectivity.  When a mixture of tert-butyl tert-butyldimethylsilylglyoxylate (36) and 
cyclohexanecarboxaldehyde in THF was treated with vinylmagnesium bromide at -78 °C, 
glycolate adduct 38 was obtained in 76% yield and >95:5 d.r. (eq 2).24 
O
TBStBuO2C ++ RCHOHR'
 ZnI2, Et3N
R
OH
tBuO2C
TBSO
(1)
O
TBStBuO2C
+
MgBrCHO
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-78 °C OH
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3736
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 C7H8, -60 °C
 
                                                 
(23) Blackwell, H. E.; O'Leary, D. J.; Chatterjee, A. K.; Washenfelder, R. A.; Bussmann, D. A.; Grubbs, R. H. 
J. Am. Chem. Soc. 2000, 122, 58-71. 
(24) (a) Nicewicz, D. A.; Johnson, J. S. J. Am. Chem. Soc. 2005, 127, 6170-6171.  (b) Linghu, X. Ph.D. Thesis, 
University of North Carolina at Chapel Hill, 2005. 
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 Inspection reveals a glycolate aldol subunit (39) present in the zaragozic acids (Scheme 4-
6) identical to the glycolate aldol products of the three component coupling reactions of vinyl 
Grignard, silylglyoxylates, and aldehydes (eq 3).  The glycolate aldol framework from these 
reactions has the potential to map directly onto C3–C6 of the zaragozic acids.  Furthermore, 
if an additional silylglyoxylate subunit was incorporated (eq 4), entry to the C3–C7 
framework (40) of the acyclic zaragozic acid core might be possible provided the correct 
relative stereochemistry could be accessed.   
Scheme 4-6.  Latent Glycolate Aldol Subunit in the Zaragozic Acids 
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 Since the four component reaction proposed in eq 4 would constitute a racemic 
construction, we considered methods for the enantiomeric enrichment of racemic 40.  Results 
from Toste25 and Chen26 demonstrated that racemic α-hydroxy esters could be 
enantiomerically enriched by kinetic resolution via a vanadium-catalyzed asymmetric aerobic 
oxidation (eq 5).  If the Toste-Chen asymmetric oxidation were successfully implemented 
                                                 
(25) Radosevich, A. T.; Musich, C.; Toste, F. D. J. Am. Chem. Soc. 2005, 127, 1090-1091. 
(26) Weng, S.; Shen, M.; Kao, J.; Munot, Y. S.; Chen, C. Proc. Natl. Acad. Sci. USA 2006, 103, 3522-3527. 
 158
with α-hydroxy ester 40, an enantioenriched advanced intermediate for the potential 
construction of the zaragozic acid core might be realized. 
R CO2R'
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N O
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OtBu
tBu
tBu 41 (cat)
R CO2R'
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R CO2R'
O
+
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23 °C
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 Pending successful implementation of the aforementioned four component reaction and 
subsequent asymmetric oxidation, a plan for the elaboration of proposed intermediate 40 
toward the synthesis of zaragozic acid C was conceived (Scheme 4-7).  If an acid-promoted 
silyl deprotection and selective ketalization (between the C3 and C5 alcohols) of the open 
chain analog (43) of zaragozic acid C was possible, then the C6-C7 diol could be installed 
via diastereoselective dihydroxylation of olefin 42.  Introduction of the alkyl side chain could 
be accomplished by olefin cross metathesis of four component reaction target 40 with α,β-
unsaturated ketone 41.  Ideally, the four component reaction should be executed with a tert- 
Scheme 4-7.  Our Initial Retrosynthetic Analysis for Zaragozic Acid C 
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butyl silylglyoxylate and tert-butyl glyoxylate to mask the necessary carboxylic acids with 
acid labile tert-butyl esters, offering a protecting group orthogonal to the base sensitive 
acetate present in the alkyl side chain. 
4.4 Results and Discussion 
4.4.1  Synthetic Efforts Directed Toward the Core of Zaragozic Acid C 
 Execution of the synthesis plan first required development of the proposed four 
component reaction.  We were pleased to obtain immediate success with this reaction (eq 6): 
treatment of a solution of two equivalents of tert-butyl tert-butyldimethylsilylglyoxylate (36) 
in THF at -78 °C with one equivalent of vinylmagnesium bromide, warming to -45 °C, then 
re-cooling to -78 °C and adding one equivalent of tert-butyl glyoxylate furnished the 
expected adduct (44) in 44-48% isolated yields as a single diastereomer (vide infra).  Most of 
the remainder of the mass balance was attributed to the formation of 17-20%27 of a 
vinylogous aldol byproduct 45.  The structure of 45 was ascertained by 1H NMR analysis.  
Use of vinylmagnesium bromide is essential; β-substituted vinyl Grignards failed to furnish 
the intended adducts. 
tBuO2C
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 The structure and relative stereochemistry of adduct 44 was unambiguously determined by 
X-ray diffraction.  Crystals of 44 were obtained by slow evaporation of a solution of 44 in 
                                                 
(27) Estimated by 1H NMR analysis of the crude reaction mixture. 
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petroleum ether.  It is clear from the ORTEP diagram in Figure 4-4 that the two tertiary silyl 
ethers are syn to one another (C4 and C5), as is required in the final natural product.  On the 
other hand, the secondary alcohol (C3) is anti to the silyl ethers; unfortunately, this is the 
opposite relative configuration requisite for the zaragozic acids.  In spite of this, the C3 
stereocenter’s proximity to a neighboring ester offered the hope that it could be epimerized 
and thus would give the compulsory stereochemistry for the natural product.  Indeed, the C3 
stereocenter can be inverted under relatively mild conditions.  In the presence of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) in THF, complete epimerization of the C3 
stereocenter was achieved (eq 7) to obtain epimer 46. 
Figure 4-4.  ORTEP of 44 
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 Efforts were then focused toward the proposed Toste-Chen kinetic resolution.  Using 
unoptimized conditions, racemic secondary alcohol 44 was oxidized to 49% conversion with 
5 mol% of chiral vanandium catalyst 41 under 1 atm of O2 to α-ketoester 47 (eq 8, Scheme 
4-8).28  Gratifyingly, unreacted 44 was recovered in 80% ee.  Determination of enantiomeric 
excess was conducted by chiral stationary phase SFC (supercritical fluid chromatography) 
analysis of diol 48, derived from tetrabutylammonium fluoride deprotection of (bis)silyl ether 
44 in THF (eq 10).  Surprisingly, epimer 46 was completely unreactive to the identical 
oxidation conditions (eq 9).  It is unclear at this time if this result indicates a mismatched 
case since we have not yet prepared the antipode of catalyst 41.  Nevertheless, the oxidation 
results provide significant promise for obtaining enantiopure alcohol building block 44.  In  
Scheme 4-8.  Kinetic Resolution of Racemic 44 by the Toste-Chen Asymmetric Oxidation 
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(28) Determined by analysis of the crude reaction mixture by 1H NMR. 
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addition, alcohol 44 is a crystalline solid, lending potential for further enantiomeric 
enrichment through recrystallization.  
 Adhering to the proposed synthesis plan, cross metathesis studies with 44 and a model 
alkene were conducted (Scheme 4-9).  Employing either the Grubbs 2nd generation (G2)23 or 
the Hoveyda-Grubbs 2nd generation catalysts29 (6-10 mol%) in either CH2Cl2 (40 °C) or 
toluene (80 °C) afforded none of the cross metathesis product between alkene 44 and methyl 
vinyl ketone or alkene 44 and (2Z)-1,4-diacetoxy-2-butene; only methyl vinyl ketone dimer 
or (2Z)-1,4-diacetoxy-2-butene were observed, respectively (eq 11).  Since the cross  
Scheme 4-9.  Cross Metathesis Attempts 
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(29) Kingsbury, J. S.; Harrity, J. P. A.; Bonitatebus, P. J.; Hoveyda, A. H. J. Am. Chem. Soc. 1999, 121, 791-
799. 
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metathesis reaction can be sensitive to substituent effects on the reacting partners, epimer 46 
was also submitted to the aforementioned metathesis conditions with unsuccessful results (eq 
12).  Presuming that the TBS ethers were imparting negative steric effects, silyl deprotected 
lactone 48 was examined in the same context.  Efforts to homologate lactone 48 under the 
metathesis conditions were also fruitless (eq 13). 
 Since all attempts to effect olefin metathesis were futile, an alternative route to the desired 
enone 42 was envisioned to proceed via oxidative cleavage of olefin 44 and subsequent 
olefination (eq 14).  Ozonolysis of alkene 44 in CH2Cl2 at -78 °C cleanly afforded lactol 49 
as a mixture of anomers in 79% yield.  Attempted olefination of lactol 49 with either Wittig 
or Horner-Wadsworth-Emmons reagents in CH3CN or toluene from ambient (23 °C) to high 
temperatures (110 °C) did not result in formation of expected enone 50.  Lactol 49 was even 
impervious to Grignard nucleophiles. 
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 Due to the failure to install the required olefin, it was deemed necessary to alter the 
synthesis plan (Scheme 4-10).  A potential disconnection between the C7-C1 bond was 
envisioned (56) similar to the disconnection in Nicolau and Armstrong’s syntheses (vide 
supra) and would require introduction of the alkyl side chain as an acyl anion equivalent 
while simultaneously establishing the C7 stereochemistry.  In addition to the use of a 
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lithiodithiane (53), the possibility existed of employing the cyanide30 or metallophosphite 
(55)31 catalyzed cross-silyl benzoin reaction of acylsilanes (54) and aldehydes developed in 
our laboratory.  Moreover, use of a chiral metallophosphite (55) may serve to override the 
same possible stereoselectivity issues faced in the C7-C1 bond formation in the Nicolau and 
Armstrong syntheses.  The necessary C7 aldehyde (52) would arise from selective oxidation 
of the terminal alcohol in diol 51, the product of diastereoselective dihydroxylation of 
starting alkene 46 or its epimer, 44.  
Scheme 4-10.  Revised Retrosynthesis 
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 Dihydroxylation of alkene 44 employing OsO4 or RuO4 (generated in situ from RuCl3 and 
NaIO4) as the oxidant was completely unsuccessful (eq 15, Scheme 4-11).  Epimer 46 was 
also unreactive toward identical conditions (eq 16).  Presuming that the free secondary 
                                                 
(30) (a) Linghu, X.; Johnson, J. S. Angew. Chem. Int. Ed. 2003, 42, 2534-2536.  (b) Linghu, X.; Bausch, C. C.; 
Johnson, J. S. J. Am. Chem. Soc. 2005, 127, 1833-1840. 
(31) Linghu, X.; Potnick, J. R.; Johnson, J. S. J. Am. Chem. Soc. 2004, 126, 3070-3071. 
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hydroxyl might be responsible for disruption of the dihydroxylation, alcohol 46 was 
protected as the silyl ether in 69% yield with trimethylsilyl triflate and NEt3 in CH2Cl2.  
Unfortunately, TMS-protected adduct 57 was also inert to conditions A or B.   
Scheme 4-11.  Attempted Dihydroxylations 
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 Another presumed entry into the diol framework was epoxidation of the olefin followed 
by nucleophilic epoxide ring opening.  To this end, alkene 44 was subjected to m-
chloroperbenzoic acid in CH2Cl2; however, no epoxide formation was detected (eq 17).  
Conversely, epimer 46 reacted cleanly under identical conditions, affording the desired 
epoxide 58 in 84% yield and >19:1 d.r (eq 18).  When alkene 57 bearing the silyl-protected 
secondary alcohol was submitted to m-CPBA buffered with K2HPO4,32 <5% of the intended 
adduct 59 was isolated (eq 19).  These results may be suggestive of an essential hydrogen-
bonded transition state or adverse steric effects that govern the outcome of the epoxidation.  
The relative stereochemistry of the newly-formed stereocenter could not be determined.  
                                                 
(32) Simply employing m-CPBA alone resulted in acid-promoted cleavage of the silyl ether and subsequent 
epoxidation to yield X. 
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Nonetheless, either epoxide diastereomer could be potentially useful; therefore, a screen of 
epoxide nucleophiles was conducted.  
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 Since the ultimate goal was to access α-hydroxy aldehyde 52 (Scheme 4-10), a number of 
heteroatom nucleophiles in addition to O-nucleophiles were examined in the opening of 
epoxide 58 (eq 20, Table 4-1).  Carboxylate salts such as sodium acetate in DMF were 
completely unreactive, even at elevated temperatures (100 °C, entry 1).  Benzenethiol failed 
to effect epoxide cleavage under a number of conditions, resulting in partial epimerization 
(14-20%) or decomposition of the starting material (entries 2-5).  Employing sodium iodide 
in either HOAc or DMF resulted in recovery of the starting material (entries 5 and 6).  
Sodium benzeneselenide, generated in situ by reduction of diphenyl diselenide, epimerized 
the starting material (entry 7).  Nitrogen-based nucleophiles such as azide (entries 8 and 9) or 
ammonia (entry 10) were equally ineffective in this context. 
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Table 4-1.  Attempts at Nucleophilic Epoxide Opening (Eq 20) 
OH
OTBS
H
CO2
tBuTBSO
tBuO2C
tBuO2C
O
OH
OTBS
H
CO2
tBuTBSO
tBuO2C
tBuO2C
HO
Nu
Nu
Conditions
58 60
(20)
 
entry conditions result 
1 AcONa, DMF; 100 °C N.R. 
2 PhSH, NEt3, Et2O; 23 °C 14% epimerization of 58 
3 PhSH, NaOH, 1,4-dioxane; 23 °C 20% epimerization of 58 
4 PhSLi, THF; 23 °C decomposition of 58 
5 NaI, HOAc; 23 °C  N.R. 
6 NaI, DMF; 23 °C N.R. 
7 PhSeSePh, NaBH4, EtOH; 23 °C 20% epimerization of 58 
8 NaN3, DMF; 80 °C 20% epimerization of 58 
9 TMSN3, Bu4N+Cl– N.R. 
10 NH3, EtOH; 120 °C 15% epimerization of 58 
 
All attempts to facilitate epoxide ring opening with the aid of a Lewis acid (e.g. TMSCl, 
TMSOTf, CuI) resulted in formation of what appeared to be epimeric mixtures of 
tetrahydrofuran 61, the product of intramolecular epoxide ring opening of 58 (eq 21). 
(21)
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58  
 Since attempts up to this point to homologate the C6-C7 alkene using an intermolecular 
assembly strategy were completely unsuccessful, an intramolecular approach was considered 
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(Scheme 4-12).  If the C6-C7 bond could be formed by a diastereoselective intramolecular 
glycolate aldol reaction, this could circumvent the previous issues faced with external reagent 
delivery.  Elaboration of lactone 63 by addition of the side chain as an organolithium reagent 
(64), similar to the Evans approach (vide supra), followed by introduction of the acyl side 
chain and acid-promoted ketalization could provide an expeditious route to zaragozic acid C. 
Scheme 4-12.  Third Generation Retrosynthesis  
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 The execution of the current synthetic plan dictated acylation of C3 secondary alcohol of 
44 or its epimer (46).  Traditional acylation conditions, using an acid chloride, amine base, 
and DMAP, were ineffective in this context.  Extensive experimentation revealed that the 
magnesium alkoxide of 44 was essential to productive acylation.  Deprotonation of 44 with 
EtMgBr at 23 °C and treatment with benzyloxyacetylchloride furnished tetraester 66 in 68% 
yield (88% based on recovered starting material; eq 22, Scheme 4-13).  Strangely, epimer 46 
could not be acylated employing these conditions.  Undeterred, we hoped to carry on with 66 
and invert the C3 stereochemistry at a later point in the synthesis. 
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Scheme 4-13.  Synthesis of the Glycolate Aldol Precursor 
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 In order to access the proposed glycolate aldol substrate, the vinyl group of 66 was 
oxidatively cleaved to the derived aldehyde.  Ozonolysis of alkene 66 at -78 °C in a 
CH2Cl2/MeOH/pyridine (10:1:1) mixture and dimethylsulfide workup formed aldehyde 67 in 
85% yield (Scheme 4-13).  It was necessary to conduct the ozonolysis in the presence of 
MeOH and pyridine in order to suppress the formation of side products, tentatively assigned 
69 and 70.  These lactones apparently result from the intramolecular addition of the 
carboxylate ester moieties to putative carbonyl oxide intermediate 68. 
 Gratifyingly, upon treatment of aldehyde 67 with LDA and LiBr in 2-
methyltetrahydrofuran33 at -55 °C, lactone 71 was isolated in 76% yield as a single 
diastereomer (eq 23).  Strong bases other than LDA such as sodium or potassium 
hexamethyldisilazane did not achieve aldolization.  NOESY analysis of the aldol adduct 
revealed a nOe between C6–H and C7–H and also a strong nOe between C3–H and C7–H, 
leading us to assign the relative stereochemistry depicted in Scheme 4-14.  Unambiguous  
                                                 
(33) The use of THF as the reaction solvent resulted in lower conversions in the aldol reaction. 
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Scheme 4-14.  Intramolecular Aldol Reaction of 67 and ORTEP Diagram of 7234 
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(34) Non-essential hydrogens were omitted for clarity. 
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relative stereochemical assignment arose from the X-ray structure of trimethylsilyl ether 
adduct 72, obtained simply by workup of the initial aldol reaction with chlorotrimethylsilane 
(eq 24).  The ORTEP diagram of silyl ether 72 revealed the seven-membered ring oriented in 
a pseudo-chair conformation with the C3 and C7 protons in close proximity (2.04 Å) to one 
another.  This seems to account for the strong nOe between the C3 and C7 protons.  
Furthermore, the dihedral angle between the C6–H and C7–H bonds is approximately 73.3° 
which is in good agreement with the small coupling constant observed between the two 
protons. 
 While the aldol reaction correctly establishes the C7 stereochemistry, it unfortunately 
provides the incorrect stereochemistry at C6.  Based on the NMR experiments, the X-ray 
structure of 72, and literature precedent, it appears that the aldol reaction is proceeding 
through a closed transition state similar to intermediate 73 depicted in Scheme 4-15 (eq 25).  
Armed with the knowledge that the enolate is unreactive at temperatures below ca. -60 °C, 
we presumed it may be possible to intercept the enolate at low temperatures (ca. -78 °C) with 
a chlorosilane.  If the resultant silylketene acetal was treated with the appropriate Lewis acid, 
an open transition state analogous to a Mukaiyama-type aldol may be operative (74), 
affording the correct stereochemistry at both the C6 and C7 stereocenters (75, eq 26). 
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Scheme 4-15.  Proposed Enolate and Mukaiyama-Type Aldol Transition States 
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 When aldehyde 67 was submitted to LDA at -78 °C followed by addition of 
chlorotrimethylsilane at -78 °C, silylketene acetal 76 was isolated in nearly quantitative yield 
as judged by 1H NMR analysis (Scheme 4-16).35  An array of Lewis acids were screened 
(e.g., TMSOTf, TiCl4, F3B·OEt2, Sn(OTf)2, ZnCl2, etc.); regrettably, in no case was the 
desired aldol adduct (75) detected.  In all instances, either no reaction was observed or the 
                                                 
(35) The silylketene acetal was unstable to silica gel chromatography; consequently, the lithium salts were 
removed by passage through a plug of celite and deemed sufficiently pure by 1H NMR spectroscopy to 
utilize in the subsequent aldol step. 
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silylketene acetal (76) was converted to the two half anhydrides (69 and 70) previously 
observed in the ozonolysis reaction (vide supra).  
Scheme 4-16.  Attempted Intramolecular Mukaiyama Aldol Reaction 
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 Despite the incorrect relative configuration of the C6 stereocenter, elaboration of aldol 
adduct 71 was further investigated.  Key to the completion of the core was inversion of the 
C3 stereocenter.  This could prove to be a challenge as the C7 stereocenter also could 
undergo unwanted epimerization.  Although further optimization is required, it appears that 
the C3 center can be corrected in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)  
Scheme 4-17.  Inversion of the C3 Stereocenter 
(28)
O
CO2
tBu
TBSO
tBuO2C
tBuO2C
TBSO
OH
HHO OBn
H
nOe
nOe
76
3
J6,7 = 9.6 Hz
77
major
O
CO2
tBu
TBSO
tBuO2C
tBuO2C
TBSO
OH
HO
H
nOe
nOe
76
3
J6,7 = 3.2 Hz
78
minor
OBnH
71
O
O
OBnHO
TBSO
TBSO
tBuO2C
tBuO2C
CO2
tBu
77
O
O
OBnHO
TBSO
TBSO
tBuO2C
tBuO2C
CO2
tBu
DBU
Et2O
73%
85:15d.r.
 
 174
in Et2O to afford an 85:15 ratio of diastereomers (Scheme 4-17).  The major diastereomer 
(77) appears to have the desired relative stereochemistry, as evidenced by the strong nOe 
between the C6 and C7 protons as well as the absence of a nOe between C3 and C7 protons.  
Moreover, a large 3J coupling constant of 9.6 Hz between C6 and C7 suggests a HC6–C6–
C7–HC7 dihedral angle close to 0°.  A weak nOe is evident between the C3 and C7 protons in 
the minor diastereomer (78) in addition to a weak nOe between the C6 and C7 protons.  The 
tentative assignment of the relative stereochemistry of the minor diastereomer shown in 
Scheme 4-17 appears to be the product of undesired epimerization of both the C3 and C7 
stereocenters. 
 With the correct stereochemistry at C3 apparently established, all that remained to 
complete the targeted core intermediate (63, Scheme 4-12) was to correct the C6 
stereocenter.  Since the C6 hydroxyl group ultimately bears the acyl side chain, it was 
envisioned that inversion of the C6 center as well as incorporation of the acyl side chain 
could be accomplished in a single synthetic step with a Mitsunobu reaction.36  As such, our 
attention turned toward the synthesis of both the acyl and alkyl side chains. 
4.4.2  Synthesis of the Acyl and Alkyl Side Chains of Zaragozic Acid C 
 Santini and coworkers at Merck disclosed an elegant synthesis of the acyl side chain of 
zaragozic acid C in an effort to determine the stereochemistry of it relative to the core of the 
molecule.37  Our synthesis intercepts Santini’s at aldehyde 81 (Scheme 4-18), constructed 
                                                 
(36) Mitsunobu, O. Synthesis 1981, 1-28. 
(37) Santini, C.; Ball, R. G.; Berger, G. D. J. Org. Chem. 1994, 59, 2261-2266. 
 175
via Myers alkylation of (1S, 2S)-pseudoephedrinepropionamide (79),38 reductive cleavage of 
the auxiliary in the presence of LiH2NBH3, and finally TEMPO oxidation39 of the resultant 
primary alcohol.  In our hands, we were unable to reduce amide 80 directly to aldehyde 81 
with LiAl(OEt)3H as described in the Myers protocol.  Nonetheless, addition of 
vinylmagnesium bromide to aldehyde 81 provided allylic alcohol 82 as an inconsequential 
60:40 ratio of diaseteromers in 95% yield.  Johnson-orthoester-Claisen rearrangement with 
triethylorthoacetate and catalytic amounts of propionic acid installed the E-olefin as a single 
isomer and saponification of the derived ester in a basic medium furnished the targeted acyl 
side chain 83 in 96% yield over two steps. 
Scheme 4-18.  Synthesis of the Acyl Side Chain of Zaragozic Acid C 
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 Use was also made of the (1S, 2S)-pseudoephedrinepropionamide (79) starting material to 
construct the alkyl side chain.  Alkylation with benzyl bromide and implementation of the 
identical reduction-oxidation protocol in Scheme 4-18 gave (2R)-2-
                                                 
(38) Myers, A. G.; Yang, B. H.; Chen, H.; McKinstry, L.; Kopecky, D. J.; Gleason, J. L. J. Am. Chem. Soc. 
1997, 119, 6496-6511. 
(39) (a) Semmelhack, M. F.; Chou, C. S.; Cortes, D. A. J. Am. Chem. Soc. 1983, 105, 4492-4494.  (b) 
Semmelhack, M. F.; Schmid, C. R. J. Am. Chem. Soc. 1983, 105, 6732-6734.  (c) Anelli, P. L.; Biffi, C.; 
Montanari, F.; Quici, S. J. Org. Chem. 1987, 52, 2559-2562. 
 176
methylhydrocinnamaldehyde (85)40 in 74% yield (2 steps).  Allylation via the Leighton 
allylchlorosilane reagent 8641 proceeded in excellent yield (98%) and nearly complete 
diastereocontrol (>120:1 d.r.).  Protection of the secondary alcohol (87) with a p-
methoxybenzyl group and a hydroboration/iodination sequence using Kabalka’s conditions42 
provided the desired primary iodide (88) in a 76% two-step yield. 
Scheme 4-19.  Alkyl Side Chain Synthesis 
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4.4.3  Progress Toward the Completion of Zaragozic Acid C 
 With the alkyl side chain and lactone 77 in hand, attention turned toward union of the two 
components.  Iodide 88 underwent smooth lithium/halogen exchange at -78 °C in Et2O with 
tBuLi to provide the necessary organolithium intermediate (89, eq 28), which was treated 
with lactone 77.  Regrettably, this sequence failed to furnish expected lactol 90, even at 
                                                 
(40) (a) Myers, A. G.; Yang, B. H. Org. Syn. 2000, 77, 22-28.  (b) Myers, A. G.; Yang, B. H.; Chen, H. Org. 
Syn. 2000, 77, 29-44. 
(41) Kubota, K.; Leighton, J. L. Angew. Chem. Int. Ed. 2003, 42, 946-948. 
(42) Kabalka, G. W.; Gooch, E. E. J. Org. Chem. 1981, 46, 2582-2584. 
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temperatures up to 23 °C.  Epimer 71 was also subjected to identical nucleophilic conditions, 
but only unreacted lactone 71 was recovered.  On the other hand, when lactone 72 was 
submitted to organolithium reagent 89, clean conversion to the intended product was 
observed as a mixure of lactols (92) in closed and open chain form.  These results suggest 
that the free C6 hydroxyl group (presumably the alkoxide during the reaction) must be 
protected prior to introduction of the alkyl side chain. 
Scheme 4-20.  Introduction of the Alkyl Side Chain 
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 Since the incorrect C3 epimer was utilized in the union of the lactone and alkyl side chain 
fragments, the C3 stereocenter of derived lactol intermediate 92 required correction.  
Presumed inversion of the C3 center occurred in 73% with 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) in Et2O at 0 °C, to give a new set of lactols (93) in closed and open chain form 
(eq 32).  It is conceivable that the C7 stereocenter might have also been epimerized under 
these conditions since the lactol is in equilibrium with the open chain ketol.  Two 
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dimensional NMR analysis of intermediate 93 was not possible because the ketol/lactol 
mixture was inseparable by chromatography.  Definitive determination of the relative 
stereochemistry was projected to be possible through elaboration of lactol 93 to the bicyclic 
ketal framework of the natural product.  To this end, oxidative deprotection of the PMB 
group with DDQ and installation of the acetate (Ac2O, DMAP, pyridine) afforded lactol 94 
bearing the necessary acetate on the alkyl side chain (eq 33). 
Scheme 4-21.  Elaboration of the Lactol Intermediate 
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 Subjection of lactol 94 to a CH2Cl2/TFA/H2O mixture for 5 d and reesterification using 
N,N´-diisopropyl-O-tert-butylisourea43 was expected to furnish C3-C5 bicyclic ketal 96.  
Instead, a single ketal isomer was isolated that possessed only two tert-butyl esters and 
lacked a 1H NMR resonance for the C6 hydroxyl group.  These data seem to exclude 
intended bicyclic ketal 96.  Based on the relatively large C6-H/C7-H coupling constant (6.8 
Hz) and the two nuclear Overhauser enhancements indicated in Scheme 4-22, C3-C4 ketal 
97 also seems unlikely.  Therefore, bicyclic ketal 95 was tentatively assigned as the structure.  
The observation of ketal 95 suggests either the C3 stereochemistry was not corrected 
                                                 
(43) Mathias, L. J. Synthesis 1979, 561-576. 
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(Scheme 4-21) or the C3 stereocenter was inverted in the ketalization step.  Futhermore, 
submission of the C3-epimer of 94 to the ketalization conditions also led to 95. 
Scheme 4-22.  Bicyclic Ketal Formation 
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 While the correct ketal was formed, work still remains to finish the final natural product.  
Completion of the synthesis requires several key transformations: 1) saponification of the 
undesired lactone 2) correction of the C3 and C6 stereocenters 3) installation of the C6 acyl 
side chain 4) deprotection of the C7 benzyl ether as well as the tert-butyl esters.   
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 4.5  Conclusions 
 A highly diastereoselective multicomponent reaction sequence between vinylmagnesium 
bromide, silylglyoxylate 36, and tert-butyl glyoxylate has been accomplished.  The product 
of the reaction maps directly onto the core of the zaragozic acid framework.  Initial progress 
toward the enantioenrichment of this key intermediate employing the Toste-Chen kinetic 
resolution showed significant promise.  An intramolecular glycolate aldol reaction of 
advanced intermediate 67 formed a key ε-lactone and supplied all of the required atoms of 
the zaragozic acid core.  Incorporation of the alkyl side was realized by chemoselective 
addition of organolithium 89 to lactone 72.  Efforts toward the completion of zaragozic acid 
C are ongoing and could constitute a highly convergent route to the zaragozic acid family of 
natural products. 
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4.6  Experimental  
 Materials and Methods: General.  Infrared (IR) spectra were obtained using a Nicolet 
560-E.S.P. infrared spectrometer.  Proton and carbon nuclear magnetic resonance spectra (1H 
and 13C NMR) were recorded on either a Bruker model Avance 500 (1H at 500 MHz and 13C 
NMR at 125 MHz), Bruker model Avance 400 (1H NMR at 400 MHz and 13C NMR at 100 
MHz), or a Varian Gemini 300 (1H NMR at 300 MHz and 13C at 75 MHz) spectrometer with 
solvent resonance as the internal standard (1H NMR: CDCl3 at 7.23 ppm; C6D6 at 7.15 ppm 
and 13C NMR: CDCl3 at 77.0 ppm and C6D6 at 128.62 ppm).  1H NMR data are reported as 
follows: chemical shift, multiplicity (s = singlet, br s = broad singlet, d = doublet, t = triplet, 
q = quartet, sept = septet, m = multiplet), coupling constants (Hz), and integration.  
Enantiomeric excesses were obtained using a Berger Supercritical Fluid Chromatograph 
model FCM 1100/1200 equipped with an Agilent 1100 series UV-Vis detector using a 
Chiralcel Chiralpak AS HPLC column. Samples were eluted with SFC grade CO2 at the 
indicated percentage of MeOH.  Combustion analyses were performed by Atlantic Microlab 
Inc., Norcross, GA.  Analytical thin layer chromatography (TLC) was performed on 
Whatman 0.25 mm silica gel 60 plates.  Visualization was accomplished with UV light and 
aqueous ceric ammonium molybdate solution followed by heating.  Purification of the 
reaction products was carried out by flash chromatography using Sorbent Technologies silica 
gel 60 (32-63 µm).  All reactions were carried out under an atmosphere of nitrogen in oven-
dried glassware with magnetic stirring.  Yield refers to isolated yield of analytically pure 
material.  Yields are reported for a specific experiment and as a result may differ slightly 
from those found in the tables, which are averages of at least two experiments.  Diethyl ether, 
tetrahydrofuran, and toluene were dried by passage through a column of neutral alumina 
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under nitrogen prior to use.44  Unless otherwise noted, reagents were obtained from 
commercial sources and used without further purification.  Triethylamine was freshly 
distilled from CaH2 under Ar prior to use. 
tBuO2C
TBSO
TBSO CO2
tBu
CO2
tBu
OH
tBuO2C TBS
O
MgBr                     , THF
                              -78 °C
O
CO2
tBuH
4436
(2.0 equiv)
(1.0 equiv)
 -78 °C → -45 °C;
(1.0 equiv)
 
 3-tert-Butoxycarbonyl-2,3-bis-(tert-butyl-dimethyl-silanyloxy)-4-hydroxy-2-vinyl-
pentanedioic acid di-tert-butyl ester (44).  A solution of 31.7 mL (31.7 mmol, 1.1 equiv) of 
vinylmagnesium bromide in THF (150 mL) was cooled to -78 °C and a solution of 15 mL 
(57.7 mmol, 1.1 equiv) of tert-butyl tert-butyldimethylsilylglyoxylate (36) in THF (50 mL) 
was added via cannula down the wall of the flask over 15 min.  Once addition of the 
silylglyoxylate was complete, the reaction was slowly warmed to -45 °C over 15 min.  Once 
the cooling bath had reached -45 °C, the reaction was again cooled to -78 °C and 4.9 mL 
(43.3 mmol, 1.5 equiv) of tert-butylglyoxylate was added via syringe.  After stirring for 1 h 
at -78 °C, the reaction was quenched with 30 mL of saturated aqueous ammonium chloride 
solution.  The two layers were separated and the aqueous layer was extracted with Et2O (3 X 
40 mL).  The combined organic layers were dried (MgSO4) and concentrated in vacuo to 
furnish the crude product which was purified by flash chromatography (1:2 CH2Cl2: 
petroleum ether linear gradient to 4:1 CH2Cl2:petroleum ether) to furnish 8.3 g (44%) of the 
pure product (44).  The product crystallized slowly (ca. 24 h) from a small amount (ca. 15 
mL) of petroleum ether and yielded crystals suitable for X-ray analysis.  Analytical data for 
                                                 
(44) Alaimo, P. J.; Peters, D. W.; Arnold, J.; Bergman, R. G., J. Chem. Ed. 2001, 78, 64. 
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44: IR (thin film, cm-1) 3534, 2931, 2856, 1734, 1645, 1472, 1393, 1368, 1248, 1147, 1001; 
1H NMR (400 MHz, CDCl3) δ 6.30 (dd, 18.0, 10.8 Hz, 1H), 5.17 (d, J = 11.6 Hz, 1H), 5.17 
(d, J = 16.8, 1H), 4.56 (d, J = 10.4, 1H), 3.64 (d, J = 10.8 Hz, 1H), 1.52 (s, 9H), 1.50 (s, 9H), 
1.44 (s, 9H), 0.92 (s, 9H), 0.81 (s, 9H), 0.22 (s, 3H), 0.12 (s, 3H), 0.11 (s, 3H), 0.09 (s, 3H); 
13C NMR (100 MHz, CDCl3) δ 170.6, 169.2, 169.1, 138.0, 117.2, 83.8, 83.0, 82.1, 77.4, 
75.8, 74.7, 28.7, 28.6, 28.4, 26.9, 26.7, 19.7, 19.2, -1.0, -1.1, -1.5, -1.6; TLC (5:95 EtOAc: 
petroleum ether) Rf 0.33. Anal. Calcd for C32H62O9Si2: C, 59.40; H, 9.66. Found: C, 59.47; 
H, 9.74. 
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 3-tert-Butoxycarbonyl-2,3-bis-(tert-butyl-dimethyl-silanyloxy)-4-hydroxy-2-vinyl-
pentanedioic acid di-tert-butyl ester (44).  A solution of 28 mg (0.084 mmol, 1.1 equiv) of 
the salen ligand25 in dry toluene (3.9 mL) was treated with 18 μL (0.077 mmol, 1.0 equiv) of 
VO(OiPr)3 under a dry O2 atmosphere and the resultant dark brown solution was stirred for 
30 min. 
 A 10 mL round bottomed flask equipped with a stirbar was purged with O2 and charged 
with 0.39 mL (0.0077 mmol, 0.05 equiv) of the freshly prepared catalyst solution.  A solution 
of 100 mg (0.15 mmol, 1.0 equiv) of racemic alcohol 44 in toluene (0.39 mL) was added via 
cannula to the catalyst solution.  After 43 h, the reaction was passed through a plug of silica 
gel eluted with 1:9 Et2O: petroleum ether.  After concentration collected fractions in vacuo, 
1H NMR analysis revealed 49% conversion to α-ketoester 47.  The alcohol was purified by 
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flash chromatography (5:95 Et2O: petroleum ether) to furnish 51 mg (51%) of alcohol 44 in 
80% ee and matched the spectral data reported above.  Enantiomeric excess was determined 
by CSP-SFC analysis of lactone 48, obtained after TBAF deprotection. 
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 3,4-Dihydroxy-5-oxo-2-vinyl-tetrahydro-furan-2,3-dicarboxylic acid di-tert-butyl 
ester (48).  A solution of 150 mg (0.23 mmol, 1.0 equiv) of bis-TBS ether 44 in THF (3.0 
mL) at -45 °C was treated with 0.51 mL (0.51 mmol, 2.2 equiv) of a 1.0 M solution of 
tetrabutylammonium fluoride in THF.  The solution was warmed to -20 °C and maintained at 
that temperature.  After 1 h, 1.0 mL of H2O was added and the reaction was extracted with 
CH2Cl2 (3 X 5 mL).  The combined extracts were dried (Na2SO4) and concentrated in vacuo 
to furnish the crude diol which was purified by flash chromatography (2:3 EtOAc: petroleum 
ether), to furnish 63 mg (80%) of the pure diol (48) as a white foam.  Analytical data for 48: 
IR (Nujol mull, cm-1) 3525, 3439, 2912, 2858, 1801, 1760, 1729, 1458, 1377, 1304, 1258, 
1146, 1124; 1H NMR (500 MHz, CDCl3) δ 6.01 (dd, J = 17.0, 10.5 Hz, 1H), 5.49 (d, J = 
17.0 Hz, 1H), 5.31 (d, J = 11.0 Hz, 1H), 4.65 (d, J = 10.5 Hz, 1H), 4.28 (s, 1H), 3.01 (d, J = 
11.0 Hz, 1H), 1.52 (s, 9H), 1.47 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 171.5, 167.7, 164.2, 
131.4, 117.5, 88.1, 86.3, 84.8, 80.5, 72.0, 28.1, 28.0; CSP-SFC analysis (Chiralpak AS 
column, 5% MeOH, 1.5 mL/min, 150 psi, 40 °C, 240 nm, tr-minor enantiomer 6.3 min, tr-major 
enantiomer 18.6 min; TLC (30:70 EtOAc: petroleum ether) Rf 0.17. Anal. Calcd for C16H24O8: 
C, 55.81; H, 7.02. Found: C, 55.79; H, 7.16. 
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 3-tert-Butoxycarbonyl-2,3-bis-(tert-butyl-dimethyl-silanyloxy)-4-hydroxy-2-vinyl-
pentanedioic acid di-tert-butyl ester (46).  To a solution of 750 mg (1.15 mmol, 1.0 equiv) 
of the alcohol (44) in THF (10 mL) was added 86 μL (0.57 mmol, 0.5 equiv) of 1,8-
diazabicyclo[5.4.0]undec-7-ene.  After 5 h, 1 mL of saturated aqueous ammonium chloride 
was added and the layers were separated.  The aqueous layer was extracted with Et2O (3 X 8 
mL) and the combined organic layers were dried (MgSO4) and concentrated in vacuo.  
Purification of the crude material (5:95 Et2O: petroleum ether) furnished 551 mg (73%) of 
the alcohol 46 as an oil.  Analytical data for 46: IR (thin film, cm-1) 3428, 2930, 2857, 1746, 
1729, 1713, 1473, 1393, 1369, 1255, 1155; 1H NMR (300 MHz, CDCl3) δ 6.49 (dd, J = 
17.1, 10.8 Hz, 1H), 5.45 (dd, J = 17.1, 1.2 Hz, 1H), 5.10 (dd, J = 10.5, 1.5 Hz, 1H), 4.63 (s, 
1H), 4.03 (s, 1H), 1.52 (s, 9H), 1.42 (s, 18H), 0.93 (s, 9H), 0.87 (s, 9H), 0.20 (s, 3H), 0.11 s, 
3H), -0.01 (s, 3H), -0.02 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 170.7, 170.1, 170.0, 137.6, 
123.5, 85.5, 83.6, 82.8, 81.4, 74.6, 28.5, 28.2, 26.8, 26.1, 25.8, 19.7, 18.3, -1.8, -2.5, -4.3, -
4.5 (two overlapping resonances); TLC (5:95 Et2O: petroleum ether) Rf 0.29. Anal. Calcd for 
C32H62O9Si2: C, 59.40; H, 9.66. Found: C, 59.57; H, 9.78. 
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 3,4-Bis-(tert-butyl-dimethyl-silanyloxy)-5-hydroxy-tetrahydro-furan-2,3,4-
tricarboxylic acid tri-tert-butyl ester (49).  A solution of the 120 mg (0.19 mmol, 1.0 
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equiv) of alkene 44 in CH2Cl2 (3 mL) was cooled to -78 °C and O3 was bubbled in the 
solution.  Reaction progress was monitored by TLC, but typically 1 h was required for 
complete consumption of the starting material.  Once complete, the reaction was purged with 
O2 for 15 min.  Dimethylsufide (68 μL, 0.93 mmol, 5.0 equiv) was added at -78 °C and the 
reaction was warmed to 23 °C and stirred for 15 h.  The reaction mixture was concentrated in 
vacuo to furnish the crude product as an interconverting mixture of lactols.  Purification of 
the crude material by flash chromatography (5:95 EtOAc: petroleum ether) afforded 97 mg 
(79%) of the inseparable lactols (49) as a white foam.  Analytical data for 49 reported as an 
inseparable mixture of anomers (major lactol resonances marked with an asterisk): IR (thin 
film, cm-1); 1H NMR (400 MHz, CDCl3) δ 5.73* (d, J = 10.8 Hz, 1H), 5.63 (d, J = 13.2 Hz, 
1H), 5.16 (d, J = 12.8 Hz, 1H), 4.54* (s, 1H), 4.34 (s, 1H), 3.36* (d, J = 10.8 Hz, 1H), 1.52-
1.43* (s, 54 H), 0.93* (s, 9H), 0.90 (s, 9H), 0.88 (s, 9H), 0.87* (s, 9H), 0.27* (s, 3H), 0.21* 
(s, 3H), 0.18 (s, 3H), 0.17 (s, 3H), 0.16 (s, 3H), 0.16* (s, 3H), 0.15 (s, 3H), 0.09* (s, 3H); 13C 
NMR (100 MHz, CDCl3) δ 171.5, 168.5, 168.0, 167.7, 167.6, 167.5, 103.4, 99.7, 88.4, 88.2, 
87.1, 85.0, 84.2, 84.1, 84.0, 83.1, 82.5, 82.4, 82.3, 82.2, 28.4, 28.3, 28.2, 28.1, 27.0, 26.7, 
26.6, 26.5, 26.3, 25.9, 19.6, 19.2, 19.1, 19.0, -1.8, -2.0, -2.4, -2.8 (four overlapping 
resonances); TLC (1:9 EtOAc: petroleum ether) Rf (minor) 0.43; Rf (major) 0.27. HRMS 
(ESI) exact mass calculated for C31H60O10Si2Na: 671.362. Found: 671.363. 
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 3-tert-Butoxycarbonyl-2,3-bis-(tert-butyl-dimethyl-silanyloxy)-4-hydroxy-2-oxiranyl-
pentanedioic acid di-tert-butyl ester (58).  A solution of 100 mg (0.15 mmol, 1.0 equiv) of 
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alkene 46 in CH2Cl2 (2.5 mL) was treated with 160 mg (0.93 mmol, 6.0 equiv) of m-
chloroperbenzoic acid.  After 48 h, an additional 100 mg (0.58, 4.0 equiv) of m-
chloroperbenzoic acid was added.  A final 100 mg (0.58, 4.0 equiv) of m-chloroperbenzoic 
acid was added after 72 h.  After 90 h, the reaction was diluted with Et2O (5 mL), washed 
with 10% Na2S2O3 solution (2 X 5 mL), dried (MgSO4), and concentrated in vacuo.  1H 
NMR analysis of the unpurified material showed the epoxide was formed in >19:1 ratio of 
diastereomers (relative configuration of the epoxide was not determined).  The crude material 
was purified by flash chromatography (5:95 Et2O: petroleum ether) to afford 85.5 (84%) of 
the pure epoxide (58) as a white powder.  Analytical data for 58: IR (thin film, cm-1) 2930, 
2860, 1743, 1718, 1472, 1393, 1368, 1253, 1155, 1132; 1H NMR (400 MHz, CDCl3) δ 4.76 
(s, 1H), 4.19 (dd, J = 4.0, 2.8 Hz, 1H), 3.97 (s, 1H), 2.90 (dd, J = 5.6, 2.4 Hz, 1H), 2.60 (dd, J 
= 5.6, 4.0 Hz, 1H), 1.57 (s, 9H), 1.42 (s, 18H), 0.91 (s, 9H), 0.83 (s, 9H), 0.22 (s, 3H), 0.11 
(s, 3H), 0.07 (s, 3H), 0.06 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 170.3, 170.2, 168.0, 85.6, 
84.1, 83.8, 81.6, 79.9, 75.2, 53.8, 45.4, 28.5, 28.2, 27.0, 26.5, 26.1, 19.8, 18.3, -1.6, -2.2, -4.2, 
-4.3; TLC (1:9 Et2O: petroleum ether) Rf 0.48. Anal. Calcd for C32H62O10Si2: C, 57.97; H, 
9.43. Found: C, 57.81; H, 9.42. 
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 (1S, 3S)-2-Allyl-1,3-bis-(4-bromo-benzyl)-2-chloro-octahydro-benzo[1,3,2]diazasilole 
(86).  Allylchlorosilane 86 was prepared using a modification of Leighton’s method:41 to a 
solution of 4.0 mL (27.9 mmol, 1.2 equiv) of freshly distilled allyltrichlorosilane and 8.5 mL 
(56.5 mmol, 2.4 equiv) of 1,8-diazabicyclo[5.4.0]undec-7-ene (freshly distilled from CaH2) 
in CH2Cl2 (100 mL) at 0 °C under Ar was added a solution of 10.7 g (23.7 mmol, 1.0 equiv) 
of the cyclohexyldiamine ligand in CH2Cl2 (40 mL) over the course of 45 min.  Once 
addition was complete, the reaction was warmed to 23 °C and stirred for 15 h.  Residual 
solvent (ca. 130 mL) was removed by distillation under Ar (great care was taken in all the 
remaining steps to exclude any moisture) and the remainder was removed under reduced 
pressure (< 0.1 torr). 
to vacuum
Ar
Ar
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 Next, 120 mL of dry pentane (distilled from sodium metal) was added and the reaction 
was vigorously stirred under an Ar atmosphere (protonated DBU salts were insoluble).  After 
3 h, the heterogeneous mixture was transferred via wide-bore cannula to the following 
filtration setup (see diagram above): an inverted funnel fitted with a septum and an Ar needle 
was secured to the top of a medium porosity fritted funnel.  The fritted funnel was attached to 
a vacuum filtration adapter which was connected to a 2-necked 250 mL round bottomed flask 
with an Ar inlet.  A vacuum line was fixed to the vacuum filtration adapter and an Ar line 
was connected to the round bottomed flask.  Once all of the reaction mixture was transferred 
to the fritted funnel, filtration was aided by occasional short vacuum pulses.  Protonated 
DBU salts were washed with an additional 20 mL of dry pentane.  Next, the round bottomed 
flask was fitted with a septum, 7 mL of CH2Cl2 was added, and the flask was placed in the 
freezer.  Large crystals of the product formed over 48 h (if crystal formation was not 
observed, the mother liquor was concentrated), the supernatant was removed via cannula, and 
12.3 g (94 %) of crystals of 86 were collected in the dry box and stored in the freezer for 
further use.  Analytical data for 86 matched with the data provided in the Leighton 
procedure. 
Bn
Me
TEMPO (1%),
H
O
85
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 (2R)-2-Methyl-3-phenylpropan-1-al (85).  To a solution of 2.5 g (16.6 mmol, 1.0 equiv) 
of the alcohol and 26 mg (0.2 mmol, 0.01 equiv) of 2,2,6,6-tetramethyl-piperidinyloxy, free 
radical (TEMPO) in CH2Cl2 (10 mL) in a 3-necked 100 mL round bottomed flask equipped 
with a stirbar, pressure equalizing dropping funnel, and thermometer was added a solution of 
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198 mg (1.7 mmol, 0.1 equiv) of KBr in H2O (1 mL).  This two-phase system was stirred 
vigorously and cooled in a brine-ice bath (-10 °C).  The NaOCl solution (0.7 M in H2O) was 
buffered to pH~9.5 with NaHCO3 (850 mg for 50 mL of 0.7 M NaOCl solution).  This 
buffered NaOCl solution (26.0 mL, 18.3 mmol, 1.1 equiv) was added slowly to the reaction 
via dropping funnel so as to maintain an internal reaction temperature between 5-10 °C (ca. 
15 min). 
 The reaction was monitored by TLC and once complete (ca. an additional 15 min), the 
aqueous and organic phase were separated.  The aqueous phase was extracted with CH2Cl2 (1 
X 10 mL).  The combined organic phases were washed with 4 mL of a 10% HCl solution 
(containing 64 mg of KI), then 20 mL of a 10% aqueous Na2S2O3 solution, and finally 20 mL 
of H2O.  The organic phase was dried (MgSO4) and concentrated in vacuo.  Purification by 
flash chromatography (1:9 Et2O: petroleum ether) furnished 2.0 g (80%) of the product as an 
oil.  The analytical data for the title compound matched identically to the previously reported 
data.40 
H
Ph
Me
O
N
Si
N
Cl
Ar
Ar
Ph
Me
OH
Ar = 4-BrPh
CH2Cl2, -10 °C
85
86
87  
 (2R, 3R)-2-Methyl-1-phenyl-hex-5-en-3-ol (87).  A 250 mL round bottomed flask was 
charged with 7.8 g (14.1 mmol, 1.1 equiv) of allylation reagent 86 in the dry box.  The 
reagent was dissolved with CH2Cl2 (40 mL), cooled to -10 °C, and a cold (0 °C) solution of 
1.9 g (12.8 mmol, 1.0 equiv) of aldehyde 8540 in CH2Cl2 (35 mL) was added via cannula.  
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The reaction was stirred at -10 °C for 16 h, then treated with 45 mL of a 1M HCl solution 
and stirred at 0 °C for 15 min.  The resultant solids were removed by filtration and the filter 
cake was washed with EtOAc (3 X 10 mL).  The aqueous phase was separated and extracted 
with EtOAc (3 X 50 mL).  The combined extracts were dried (MgSO4) and concentrated in 
vacuo to furnish the crude homoallylic alcohol in a 125:1 d.r. (determined by 1H NMR 
analysis of the crude material) which was purified by flash chromatography (1:9 EtOAc: 
petroleum ether), to furnish 2.4 g (98%) of alcohol 87 as a slightly yellow oil.  Analytical 
data for 87: IR (thin film, cm-1) 3430, 3080, 3026, 2967, 2931, 1641, 1603, 1495, 1454, 
1056; 1H NMR (400 MHz, CDCl3) δ 7.29-7.22 (m, 2H), 7.19-7.11 (m, 3H), 5.77 (dddd, J = 
16.8, 10.0, 7.6, 6.4 Hz, 1H), 5.11 (dddd, J = 16.8, 1.6, 1.6, 1.2, 1H), 5.10 (dddd, J = 10.0, 1.2, 
0.8, 0.8 Hz, 1H), 3.55 (dddd, J = 8.4, 4.4, 4.4, 4.4 Hz, 1H), 2.80, (dd, J = 13.2, 6.4 Hz, 1H) 
2.43 (dd, J = 13.2, 8.8 Hz, 1H), 2.28-2.15 (m, 2H), 1.88-1.78 (m, 1H), 1.47 (d, J = 4.4 Hz, 
1H), 0.85 (d, J = 6.9 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 141.3, 135.5, 129.4, 128.5, 
126.0, 118.2, 72.9, 40.1, 40.0, 39.6, 13.5; TLC (1:9 EtOAc: petroleum ether) Rf 0.25. Anal. 
Calcd for C13H18O: C, 82.06; H, 9.53. Found: C, 82.08; H, 9.69. 
Ph
Me
OH
Ph
Me
OPMB
NaH, THF; PMBI
87  
 [(2R, 3R)-3-(4-methoxy)benzyloxy-2-methyl-hex-5-enyl]-benzene.  To a suspension of 
190 mg (50% dispersion in mineral oil, 3.9 mmol, 1.5 equiv) of NaH (freshly washed with 
hexanes: 3 X 5 mL) in THF (1.5 mL) at 0 °C under an Ar atmosphere was added a solution 
of 500 mg (2.6 mmol, 1.0 equiv) of the homoallylic alcohol (87) in THF (7 mL) via cannula 
(1 mL rinse).  The reaction was warmed to 23 °C, stirred for 15 min, then a solution of 967 
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mg (3.9 mmol, 1.5 equiv) of p-methoxybenzyl iodide45 in THF (5 mL) was added via 
cannula (1 mL rinse).  The reaction flask was fitted with a reflux condenser and heated to 
reflux for 18 h.  Heating was discontinued and the reaction was allowed to cool to 23 °C.  
Saturated ammonium chloride solution (12 mL) was added, the layers were separated and the 
aqueous layer was extracted with Et2O (3 X 20 mL).  The combined extracts were dried 
(MgSO4) and concentrated in vacuo, affording the crude PMB ether.  Purification by flash 
chromatography (3:7 CH2Cl2: petroleum ether linear gradient to 100% CH2Cl2) furnished 
692 mg (86%) of the PMB ether as an oil.  Analytical data for the title compound: IR (thin 
film, cm-1) 3075, 3063, 3026, 2936, 2860, 2835, 1640, 1613, 1586, 1513, 1464, 1454, 1351, 
1302, 1248, 1173, 1066, 1038; 1H NMR (400 MHz, CDCl3) δ 7.29 (dd, J = 8.4, 1.2 Hz, 2H), 
7.25 (d, J = 7.6 Hz, 2H), 7.17 (t, J = 7.6 Hz, 1H), 7.11 (d, J = 7.2 Hz, 2H), 6.88 (dd, J = 8.4, 
1.6 Hz, 2H), 5.81 (dddd, J = 17.2, 10.0, 8.0, 2.0 Hz, 1H), 5.09 (d, J = 17.2 Hz, 1H), 5.04 (d, J 
= 10.4 Hz, 1H), 4.54 (d, J = 11.2 Hz, 1H), 4.42 (d, J = 11.2 Hz, 1H), 3.80 (s, 3H), 3.37-3.31 
(m, 1H), 2.84 (dd, J = 13.6, 5.6 Hz, 1H), 2.47-2.25 (m, 3H), 2.05-1.94 (m, 1H), 0.88 (d, J = 
6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 159.3, 141.7, 135.8, 131.4, 129.3, 128.4, 125.9, 
116.8, 113.9, 81.6, 71.5, 55.5, 39.5, 38.3, 35.8, 14.3; TLC (1:9 EtOAc: petroleum ether) Rf 
0.25. Anal. Calcd for C21H26O2: C, 81.25; H, 8.44. Found: C, 81.38; H, 8.56. 
Ph
Me
OPMB
Ph
Me
OPMB
I
chex2BH, THF;
NaI, NaOAc,
chloramine-T
88  
                                                 
(45) Firouzabadi, H.; Iranpoor, N.; Jafarpour, M. Tetrahedron Lett. 2004, 45, 7451-7454. 
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 [(2R, 3R)-3-(4-methoxy)benzyloxy-6-iodo-2-methyl-hexyl)-benzene (88).  A solution of 
0.97 mL (2.0 M in THF, 1.9 mmol, 2.0 equiv) of BH3⋅SMe2 in THF (3 mL) at 0 °C was 
treated with 0.39 mL (3.9 mmol, 4.0 equiv) of cyclohexene (freshly distilled from CaSO4).  
After 1 h, a milky white solution resulted and a solution of 300 mg (0.97 mmol, 1.0 equiv) of 
the PMB ether in THF (2.5 mL) was added at 0 °C via cannula.  Following addition of the 
ether, the reaction was allowed to warm to 23 °C and stirred for 1 h.  Next, 1.9 mL of a 1.0 M 
solution of NaOAc in MeOH (1.9 mmol, 2.0 equiv), 1.2 mL of a 1.0 M solution of NaI in 
H2O (1.2 mmol, 1.2 equiv), and 3.8 mL of a 0.5 M solution of chloramine-T hydrate in 
MeOH (1.9 mmol, 2.0 equiv) were added sequentially.  The reaction was stirred for 5 min 
and then quenched with 20 mL of 10% aqueous Na2S2O3 solution and 20 mL of 1M HCl.  
The two phases were separated and the aqueous phase was extracted with hexanes (3 X 20 
mL).  The combined organic layers were washed with brine (30 mL), dried (MgSO4), and 
concentrated in vacuo.   
 The crude material was dissolved in ca. 15 mL of CH2Cl2 and ca. 2.0 g of silica gel was 
added.  After carefully concentrating this slurry in vacuo, it was loaded on the top of a silica 
gel column packed with petroleum ether as the eluent.  The column was eluted with 
petroleum ether until all of the Cy2BOMe (Rf 0.65, petroleum ether) was removed, then 
column was eluted with 5:95 EtOAc: petroleum ether to afford 380 mg (90%) of the pure 
iodide (88) as a slightly yellow oil.  Analytical data for 88: IR (thin film, cm-1)3025, 2931, 
2849, 1612, 1586, 1513, 1453, 1302, 1247, 1173, 1071, 1037; 1H NMR (400 MHz, CDCl3) 
δ 7.33-7.23 (m, 4H), 7.19 (t, J = 7.6 Hz, 1H), 7.12 (d, J = 7.6 Hz, 2H), 6.90 (d, J = 8.8 Hz, 
2H), 4.51 (d, J = 11.2 Hz, 1H), 4.45 (d, J = 11.2 Hz, 1H), 3.81 (s, 3H), 3.33-3.26 (m, 1H), 
3.20-3.09 (m, 2H), 2.90 (dd, J = 13.2, 4.4 Hz, 1H), 2.31 (dd, J = 13.2, 10.0 Hz, 1H), 2.08-
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1.99 (m, 1H), 1.95 (dddd, J = 14.4, 14.4, 7.2, 7.2 Hz, 1H), 1.82 (dddd, J = 14.0, 14.0, 6.8, 6.8 
Hz, 1H), 1.69-1.59 (m, 2H), 0.86 (d, J = 6.8 Hz); 13C NMR (100 MHz, CDCl3) δ 159.4, 
141.7, 131.2, 129.5, 129.3, 128.5, 125.9, 114.0, 81.3, 71.5, 55.5, 38.6, 38.0, 31.5, 30.3, 15.0, 
7.5; TLC (1:9 EtOAc: petroleum ether) Rf 0.48. HRMS (ESI) exact mass calculated for 
C21H27IO2Na: 461.095. Found: 461.092. 
Me
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O
N
Me
Me
OHPh
Me
O
N
Me
Me
OHPh
Ph I
LDA⋅LiCl;
79 80  
 (2R)-N-[(1S, 2S)-2-hydroxy-1-methyl-2-phenylethyl]-2-Methyl-5-phenyl-pentanoic 
acid methylamide (80).  The title compound was prepared according to Myers’s general 
procedure38 with slight modification: a suspension of 3.2 g (76.2 mmol, 6.0 equiv) of LiCl 
(dried under vacuum (< 0.1 torr) at 150 °C for 12 h) and 3.9 mL (27.9 mmol, 2.2 equiv) of 
diisopropylamine in THF (18 mL) was treated with 10.7 mL (26.7 mmol, 2.1 equiv) of a 2.5 
M solution of n-butyllithium under an Ar atmosphere at -78 °C.  Once addition was 
complete, the reaction was warmed to 0 °C for 5 min, then cooled to -78 °C again.  An ice 
cooled solution of 2.8 g (12.7 mmol, 1.0 equiv) of the (1S, 2S)-
pseudoephedrinepropionamide (79) in THF (40 mL) was then added via cannula over 5 min 
and the reaction was maintained at -78 °C for 45 min.  The reaction was then warmed to 0 °C 
and maintained for 10 min, then 23 °C for 5 min, and finally cooled to 0 °C.  A solution of 
5.1 mL (31.7 mmol, 2.5 equiv) of 3-phenyl-1-iodopropane45 in THF (10 mL) was added via 
cannula.  After stirring for 45 min at 0 °C, the reaction was quenched by the addition of 10 
mL of saturated aqueous ammonium chloride solution.  The mixture was partitioned between 
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an additional 50 mL of saturated aqueous ammonium chloride and 50 mL of EtOAc, the 
layers were separated and the aqueous layer was extracted with EtOAc (3 X 50 mL).  The 
combined organic layers were dried (MgSO4) and concentrated in vacuo to furnish the crude 
alkylation product which was purified by flash chromatography (1:9 EtOAc: petroleum ether 
linear gradient to 1:1 EtOAc: petroleum ether) to afford 4.0 g (94 %) of amide 80 as a 
viscous oil.  Analytical data for 80: IR (thin film, cm-1) 3390, 2792, 2927, 2859, 1617, 1487, 
1375, 1307, 1108, 1084, 1051, 910; 1H and 13C NMR spectra are reported as a 4:1 mixture of 
amide rotomers: 1H NMR (400 MHz, C6D6) δ 7.30 (d, J = 7.2 Hz), 7.21-7.09 (m), 7.21-7.00 
(m), 5.05 (br s), 4.53 (d, J = 5.6 Hz), 4.13 (br s), 4.08 (d, J = 8.4 Hz), 3.88-3.78 (m), 2.80-
2.68 (m), 2.79 (s), 2.65-2.53 (m), 2.50-2.32 (m), 2.22-2.18 (m), 2.19 (s), 1.80-1.68 (m), 1.68-
1.52 (m), 1.52-1.40 (m), 1.40-1.28 (m), 1.28-1.14 (m), 1.02 (d, J = 7.2 Hz), 0.98 (d, J = 6.8 
Hz), 0.94 (d, J = 6.8 Hz), 0.64 (d, J = 6.8 Hz); 13C NMR (100 MHz, CDCl3) δ 179.1, 177.7, 
142.8, 142.4, 141.4, 128.9, 128.7, 128.5, 128.4, 128.2, 128.0, 127.7, 127.0, 126.4, 125.9, 
125.8, 76.9, 75.5, 58.0, 36.8, 36.3, 36.2, 36.1, 33.9, 33.8, 33.2, 29.6, 29.5, 29.2, 27.3, 18.3, 
17.6, 15.7, 14.6; TLC (1:1 EtOAc: petroleum ether) Rf 0.38. Anal. Calcd for C22H29NO2: C, 
77.84; H, 8.61; N, 4.13. Found: C, 77.88; H, 8.76; N, 4.02. 
Me
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 (2R)-2-Methyl-5-phenylpentan-1-ol.  The title compound was prepared according to 
Myers’s general procedure38 with slight modification: to a solution of 16.0 mL (113.8 mmol, 
4.2 equiv) of diisopropylamine in THF (80 mL) was treated with 66.0 mL (105.7 mmol, 3.9 
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equiv) of a 1.6 M solution of n-butyllithium under an Ar atmosphere at -78 °C.  Once 
addition was complete, the reaction was warmed to 0 °C for 5 min, then cooled to -78 °C 
again.  Solid H3B·NH3 was added in one portion, then the reaction was warmed to 0 °C and 
stirred for 20 min, warmed to 23 °C and stirred for 20 min, then cooled back to 0 °C.  A 
solution of 8.5 g (27.1 mmol, 1.0 equiv) of the amide (80) in THF (110 mL) was added via 
cannula and the reaction was warmed to 23 °C.  After stirring for 1 h, the reaction was cooled 
to 0 °C and quenched slowly with 300 mL of 3 M HCl in 10 mL portions over 15 min.  Once 
addition was complete, the reaction was stirred for an additional 30 min.  The two layers 
were separated and the aqueous layer was extracted with Et2O (3 X 120 mL).  The combined 
organic layers were washed successively with 50 mL of 3 N HCl, 50 mL of brine, dried 
(MgSO4), and concentrated in vacuo.  The crude alcohol was purified by flash 
chromatography (1:1 Et2O: petroleum ether) to furnish 3.8 g (93%) of the product as an oil.  
The analytical data for the title compound matched identically to the previously reported 
data.37 
H
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O
TEMPO (1%)
NaOCl
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 (2R)-2-Methyl-5-phenylpentan-1-al.  To a solution of 3.5 g (19.6 mmol, 1.0 equiv) of 
the alcohol and 30.1 mg (0.2 mmol, 0.01 equiv) of 2,2,6,6-tetramethyl-piperidinyloxy, free 
radical (TEMPO) in CH2Cl2 (10 mL) in a 3-necked 100 mL round bottomed flask equipped 
with a stirbar, pressure equalizing dropping funnel, and thermometer was added a solution of 
233 mg (2.0 mmol, 0.1 equiv) of KBr in H2O (1 mL).  This two-phase system was stirred 
vigorously and cooled in a brine-ice bath (-10 °C).  The NaOCl solution (0.7 M in H2O) was 
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buffered to pH~9.5 with NaHCO3 (850 mg for 50 mL of 0.7 M NaOCl solution).  This 
buffered NaOCl solution (30.8 mL, 21.6 mmol, 1.1 equiv) was added slowly to the reaction 
via dropping funnel so as to maintain an internal reaction temperature between 5-10 °C (ca. 
15 min). 
 The reaction was monitored by TLC and once complete (ca. an additional 15 min), the 
aqueous and organic phases were separated.  The aqueous phase was extracted with CH2Cl2 
(1 X 10 mL).  The combined organic phases were washed with 4 mL of a 10% HCl solution 
(containing 64 mg of KI), then 20 mL of a 10% aqueous Na2S2O3 solution, and finally 20 mL 
of H2O.  The organic phase was dried (MgSO4) and concentrated in vacuo.  Purification by 
flash chromatography (15:85 Et2O: petroleum ether) furnished 3.1 g (90%) of the product as 
an oil.  The analytical data for the title compound matched identically to the previously 
reported data.37 
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44 66  
 4-(2-Benzyloxy-acetoxy)-3-tert-butoxycarbonyl-2,3-bis-(tert-butyl-dimethyl-
silanyloxy)-2-vinyl-pentanedioic acid di-tert-butyl ester (66).  To a solution of 680 mg (1.1 
mmol, 1.0 equiv) of the alcohol (44) in Et2O (14 mL) at 0 °C was added 1.3 mL of a 1.0 M 
EtMgBr solution in THF (1.26 mmol, 1.2 equiv).  This solution was warmed to 23 °C and 
resulted in a thick slurry.  Following stirring for 1 h, a solution of 0.32 mL (2.1 mmol, 2.0 
equiv) of the acid chloride in Et2O (4 mL) was added via cannula (1 mL rinse).  The reaction 
was stirred at 23 °C for 18 h, then quenched by the addition of 6 mL of saturated aqueous 
ammonium chloride solution.  After the layers were separated, the aqueous layer was 
 198
extracted with additional Et2O (3 X 10 mL).  The combined organic layers were dried 
(MgSO4) and concentrated in vacuo.  1H NMR analysis of the crude reaction revealed 74% 
conversion of the starting material.  Purification of the crude reaction by flash 
chromatography (5:95 EtOAc: petroleum ether) yielded 540 mg (65%, 88% based on 
recovered starting material) of the acylated alcohol (66).  Analytical data for 66: IR (thin 
film, cm-1) 2930, 2855, 1757, 1744, 1725, 1594, 1369, 1250, 1152; 1H NMR (400 MHz, 
CDCl3) δ 7.34-7.22 (m, 5H), 6.39 (dd, J = 18.0, 11.2 Hz, 1H), 5.26 (d, J = 10.8 Hz, 1H), 5.23 
(d, J = 18.0 Hz, 1H), 4.63 (d, J = 12.0 Hz, 1H), 4.53 (d, J = 11.6, 1H), 4.06 (s, 2H), 1.56 (s, 
9H), 1.39 (s, 9H), 1.37 (s, 9H), 0.89 (s, 9H), 0.85 (s, 9H), 0.30 (s, 3H), 0.14 (s, 3H), 0.11 (s, 
3H), 0.09 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 169.3, 168.9, 167.9, 164.7, 137.2, 136.8, 
128.7, 128.3, 128.2, 118.4, 87.0, 85.7, 83.9, 83.2, 83.0, 75.7, 73.5, 67.1, 28.7, 28.6, 28.5, 
27.5, 26.9, 20.1, 19.4, -0.5, -0.7, -1.4, -1.7; TLC (5:95 EtOAc: petroleum ether) Rf 0.23.  
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 4-(2-Benzyloxy-acetoxy)-3-tert-butoxycarbonyl-2,3-bis-(tert-butyl-dimethyl-
silanyloxy)-2-formyl-pentane dioic acid di-tert-butyl ester (67).  A solution of 646 mg 
(0.81 mmol, 1.0 equiv) of alkene 66 in 8.9 mL of CH2Cl2/MeOH/pyridine (10:1:1) was 
cooled to -78 °C.  O3 was bubbled slowly through the solution at -78 °C and the reaction was 
monitored by TLC.  After 1 h (reaction complete by TLC), the reaction was purged with Ar 
for 15 min.  Dimethylsulfide (300 μL, 4.1 mmol, 5.0 equiv) was then added via syringe and 
the reaction was warmed to ambient temperature and stirred for 2 h.  Concentration of the 
crude reaction in vacuo followed by flash chromatography (5:95 EtOAc: petroleum ether) 
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afforded 550 mg (85%) of the pure aldehyde (67) as a white foam.  Analytical data for 67: IR 
(thin film, cm-1) 2977, 2929, 2859, 1758, 1745, 1728, 1473, 1394, 1368, 1253, 1152, 1129; 
1H NMR (400 MHz, CDCl3) δ 9.86 (s, 1H), 7.34-7.23 (m, 5H), 6.32 (s, 1H), 4.65 (d, J = 
11.6 Hz, 1H), 4.57 (d, J = 12.0 Hz, 1H); 4.07 (d, J = 16.8 Hz, 1H), 4.02 (d, J = 16.8 Hz, 1H), 
1.51 (s, 9H), 1.37 (s, 18H), 0.90 (s, 9H), 0.81 (s, 9H), 0.29 (s, 3H), 0.11 (s, 3H), 0.067 (s, 
3H), 0.034 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 193.4, 169.0, 166.8, 166.4, 165.2, 137.1, 
128.7, 128.3, 128.2, 87.1, 86.2, 84.4, 84.0, 83.9, 74.9, 73.5, 67.1, 28.4, 28.3, 27.0, 26.7, -1.2, 
-1.4, -1.9, -2.7 (two overlapping resonances); TLC (1:9 EtOAc: petroleum ether) Rf 0.39. 
Anal. Calcd for C40H68O12Si2: C, 60.27; H, 8.60. Found: C, 60.45; H, 8.65. 
71
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67  
 6-Benzyloxy-3,4-bis-(tert-butyl-dimethyl-silanyloxy)-7-oxo-5-hydroxy-oxepane-2,3,4-
tricarboxylic acid tri-tert-butyl ester (71).  To a solution of 41 μL of diisopropylamine 
(0.29 mmol, 2.2 equiv) in 2-methyltetrahydrofuran (0.8 mL) at 0 °C under an Ar atmosphere 
was added 180 μL of a 1.5 M n-butyllithium solution in hexane (0.50 mmol, 2.0 equiv).  The 
LDA solution was stirred for 15 min at 0 °C, then added via cannula to a solution of 105 mg 
(0.13 mmol, 1.0 equiv) of aldehyde 67 and 46 mg (0.53 mmol, 4.0 equiv) of LiBr in 2-
methyltetrahydrofuran (1.0 mL) at -78 °C.  Once addition was complete (0.4 mL wash), the 
yellow solution was warmed slowly (ca. 15 min) to -50 °C.  After 1 h, the reaction was 
quenched at -50 °C by the addition of 1.5 mL of a saturated aqueous ammonium chloride 
solution.  The reaction was extracted with Et2O (3 X 5mL) and the combined extracts were 
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dried (MgSO4) and concentrated in vacuo.  The crude material was purified by flash 
chromatography (5:95 EtOAc: petroleum ether), to afford 80 mg (76%) of the pure aldol (71) 
as white solid.  Analytical data for 71: IR (thin film, cm-1) 3943, 2930, 2858, 1766, 1706, 
1471, 1371, 1255, 1138, 1004; 1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 6.8 Hz, 2H), 7.32-
7.22 (m, 3H), 5.39 (d, J = 11.6 Hz, 1H), 5.28 (s, 1H), 4.89 (d, J = 10.8 Hz, 1H), 4.67 (d, J = 
1.6 Hz, 1H), 4.42 (d, J = 11.2 Hz, 1H), 4.34 (dd, J = 12.0, 2.0 Hz, 1H), 1.59 (s, 9H), 1.51 (s, 
9H), 1.47 (s, 9H), 0.87 (s, 9H), 0.82 (s, 9H), 0.28 (s, 3H), 0.24 (s, 3H), 0.23 (s, 3H), 0.08 (s, 
3H); 13C NMR (100 MHz, CDCl3) δ 169.0, 167.8, 167.5, 164.4, 137.2, 129.0, 128.6, 128.3, 
87.4, 86.8, 85.2, 83.8, 83.0, 77.3, 76.8, 74.1, 72.9, 28.6, 28.2, 28.1, 27.1, 27.0, 19.9, 19.8, -
0.8, -1.0 (four overlapping resonances); TLC (1:9 EtOAc: petroleum ether) Rf 0.29. Anal. 
Calcd for C40H68O12Si2: C, 60.27; H, 8.60. Found: C, 60.51; H, 8.66. 
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 6-Benzyloxy-3,4-bis-(tert-butyl-dimethyl-silanyloxy)-7-oxo-5-trimethylsilanyloxy-
oxepane-2,3,4-tricarboxylic acid tri-tert-butyl ester (72).  To a solution of 80 μL of 
diisopropylamine (0.55 mmol, 2.2 equiv) in 2-methyltetrahydrofuran (0.6 mL) at 0 °C under 
an Ar atmosphere was added 360 μL of a 1.4 M n-butyllithium solution in hexane (0.50 
mmol, 2.0 equiv).  The LDA solution was stirred for 15 min at 0 °C, then added via cannula 
to a solution of 200 mg (0.25 mmol, 1.0 equiv) of aldehyde 67 and 87 mg (1.0 mmol, 4.0 
equiv) of LiBr in 2-methyltetrahydrofuran (1.0 mL) at -78 °C.  Once addition was complete 
(0.4 mL wash), the yellow solution was warmed slowly (ca. 15 min) to -45°C and maintained 
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at that temperature.  After 1 h, 130 μL of chlorotrimethylsilane was added at -45°C.  The 
reaction was stirred for 15 min, then quenched by the addition of saturated aqueous 
ammonium chloride solution (1.0 mL).  The reaction was extracted with Et2O (3 X 8mL) and 
the combined extracts were dried (MgSO4) and concentrated in vacuo.  The crude material 
was purified by flash chromatography (1:9 Et2O: petroleum ether), to afford 145 mg (67%) 
of the pure aldol (72) as a crystalline solid.  Analytical data for 72: IR (thin film, cm-1) 2976, 
2929, 2858, 1761, 1733, 1471, 1369, 1252, 1152, 1121, 1004; 1H NMR (400 MHz, CDCl3) 
δ 7.38-7.24 (m, 5H), 5.24 (s, 1H), 4.92 (d, J = 10.0 Hz, 1H), 4.85 (s, 1H), 4.39 (s, 1H), 4.33 
(d, J = 10.0 Hz, 1H), 1.53 (s, 9H), 1.50 (s, 9H), 1.47 (s, 9H), 0.99 (s, 9H), 0.81 (s, 9H), 0.34 
(s, 3H), 0.28 (s, 3H), 0.18 (s, 3H), 0.14 (s, 3H), 0.049 (s, 9H); 13C NMR (100 MHz, CDCl3) 
δ 167.1, 167.0, 166.7, 165.1, 137.2, 128.9, 128.5, 128.2, 87.3, 84.1, 83.7, 83.3, 81.6, 78.5, 
77.7, 75.0, 72.9, 28.9, 28.4, 28.2, 27.7, 27.6, 20.4, 20.3, 1.5, -0.008, -0.3, -0.6, -0.8; TLC (1:9 
Et2O: petroleum ether) Rf 0.32. Anal. Calcd for C43H76O12Si3: C, 59.41; H, 8.81. Found: C, 
59.64; H, 8.87. 
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 6-Benzyloxy-3,4-bis-(tert-butyl-dimethyl-silanyloxy)-7-oxo-5-hydroxy-oxepane-2,3,4-
tricarboxylic acid tri-tert-butyl ester (77).  To a solution of 60 mg (0.075 mmol, 1.0 equiv) 
of lactone 71 in Et2O (1.0 mL) was added 56 μL (0.38 mmol, 5.0 equiv) of DBU.  After 3 h, 
0.5 mL of saturated aqueous ammonium chloride was added.  The reaction was extracted 
with Et2O (3 X 3 mL), dried (MgSO4), and concentrated in vacuo to furnish an 85:15 ratio of 
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diastereomers as judged by 1H NMR analysis.  Purification of the reaction mixture by flash 
chromatography (5:95 EtOAc: petroleum ether), afforded 44 mg (73%) of 77 as an oil.  
Analytical data for 77: 1H NMR (400 MHz, CDCl3) δ 7.41-7.23 (m, 5H), 5.16 (d, J = 11.6 
Hz, 1H), 4.94 (d, J = 11.6 Hz, 1H), 4.89 (s, 1H), 4.30 (d, J = 9.6 Hz, 1H), 3.91 (dd, J = 9.6, 
6.4 Hz, 1H), 3.61 (d, J = 6.0 Hz, 1H), 1.48 (s, 9H), 1.42 (s, 9H), 1.31 (s, 9H), 0.93 (s, 9H), 
0.84 (s, 9H), 0.24 (s, 3H), 0.05 (s, 3H), 0.03 (s, 3H), 0.01 (s, 3H); TLC (1:9 EtOAc: 
petroleum ether) Rf 0.39. 
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 6-Benzyloxy-3,4-bis-(tert-butyl-dimethyl-silanyloxy)-7-hydroxy-7-[4-(4-methoxy-
benzyloxy)-5-methyl-6-phenylhexyl]-5-trimethylsilanyloxy-oxepane-2,3,4-tricarboxylic 
acid tri-tert-butyl ester (92).  A solution of 57 mg (0.13 mmol, 4.0 equiv) of iodide 89 in 
Et2O (0.5 mL) was cooled to -78 °C under an Ar atmosphere and 150 μL of a 1.7 M solution 
of tBuLi (0.26 mmol, 8.0 equiv) was added via syringe.  After 5 min, a solution of 28 mg 
(0.032 mmol, 1.0 equiv) of lactone 72 in Et2O (0.5 mL) was added via cannula (0.2 mL 
rinse).  After 15 min, 0.6 mL of saturated aqueous ammonium chloride solution was added.  
The reaction was extracted with Et2O (3 X 5 mL), dried (MgSO4), and concentrated in vacuo.  
1H NMR analysis of the unpurified reaction mixture revealed a isomeric lactol:lactol:ketol 
ratio of 4.5:4.5:1.  The inseparable isomers were purified by flash chromatography (5:95 
EtOAc: petroleum ether), to afford 38 mg (100%) of 92 as mixture of lactols in open and 
closed chain form.  Analytical data for 92 (reported as a mixture of lactol and ketol isomers): 
 203
1H NMR (300 MHz, CDCl3) δ 7.39-7.16 (m), 7.16-6.98 (m), 6.86-6.73 (m), 4.88-4.73 (m), 
4.71-4.61 (m), 4.46-4.24 (m), 4.17 (s), 4.11 (s), 4.07 (s), 3.77 (s), 3.76 (s), 3.31-3.18 (m), 
2.88-2.71 (m), 2.40-2.14 (m), 2.03-1.88 (m), 1.86-1.72 (m), 1.56 (s), 1.46 (s), 1.40 (s), 1.08 
(s), 1.03 (s), 0.84 (s), 0.84-0.70 (m), 0.45 (s), 0.36 (s), 0.35 (s), 0.26 (s), 0.18 (s), 0.15 (s), 
0.11 (s), 0.10 (s), 0.03 (s); TLC (1:9 EtOAc: petroleum ether) Rf 0.33.  
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 6-Benzyloxy-3,4-bis-(tert-butyl-dimethyl-silanyloxy)-7-hydroxy-7-[4-(4-methoxy-
benzyloxy)-5-methyl-6-phenylhexyl]-5-trimethylsilanyloxy-oxepane-2,3,4-tricarboxylic 
acid tri-tert-butyl ester (93).  To a solution of 52 mg (0.044 mmol, 1.0 equiv) of lactol 92 in 
Et2O (1.2 mL) at 0 °C was added 5 drops of DBU from a 22G needle.  After 5 h, 0.5 mL of 
saturated aqueous ammonium chloride was added.  The reaction was extracted with Et2O (3 
X 3 mL), dried (MgSO4), and concentrated in vacuo to furnish a 2:1:1 mixture of 
lactol:lactol:ketol isomers as judged by 1H NMR analysis.  Purification of the reaction 
mixture by flash chromatography (5:95 EtOAc: petroleum ether), afforded 38 mg (73%) of 
93 as mixture of lactols in open and closed chain form.  Analytical data for 93 (reported as a 
mixture of lactol and ketol isomers): 1H NMR (500 MHz, CDCl3) δ 7.49-7.43 (m), 7.35-7.18 
(m), 7.18-7.05 (m), 6.98-6.78 (m), 5.25 (s), 5.12 (s), 4.99 (s), 4.83-4.78 (m), 4.65-4.62 (m), 
4.58-4.39 (m), 4.39-4.27 (m), 3.78 (s), 3.77 (s), 3.76 (s), 3.52 (br s), 3.42 (br s), 3.24-3.19 
(m), 2.89-2.70 (m), 2.59-2.48 (m), 2.48-2.19 (m), 2.06-1.70 (m), 1.59 (s), 1.54 (s), 1.50 (s), 
1.48 (s), 1.47 (s), 1.46 (s), 1.44 (s), 1.42 (s), 1.28 (s), 1.21 (s), 1.08 (s), 0.91 (s), 0.88 (s), 0.73 
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(s), 0.69 (s), 0.32 (s), 0.30 (s), 0.25 (s), 0.21 (s), 0.15 (s), 0.14 (s), 0.08 (s), 0.01 (s), -0.06 (s), 
-0.18 (s); TLC (1:9 EtOAc: petroleum ether) Rf 0.39. 
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 7-(4-Acetoxy-5-methyl-6-phenylhexyl)-6-benzyloxy-3,4-bis-(tert-butyl-dimethyl-
silanyloxy)-7-hydroxy-5-trimethylsilanyloxy-oxepane-2,3,4-tricarboxylic acid tri-tert-
butyl ester (94).  To a solution of 19 mg (0.016 mmol, 1.0 equiv) of PMB ether 93 in 
CH2Cl2 (1 mL) was added 40 μL of H2O and 5.4 mg (0.024 mmol, 1.5 equiv) of DDQ.  After 
15 min, the reaction was diluted with CH2Cl2 (2 mL) and washed with saturated aqueous 
NaHCO3 solution (2 X 3 mL).  The combined aqueous layers were extracted with CH2Cl2 (3 
mL).  The combined organic layers were dried (MgSO4) and concentrated in vacuo (TLC 
(1:9 EtOAc: petroleum ether) Rf 0.25). 
 The unpurified intermediate was dissolved in toluene (0.8 mL) and 0.1 mL of pyridine, 3 
μL (0.024 mmol, 1.5 equiv) of Ac2O, and 11.7 mg (0.1 mmol, 6.0 equiv) of DMAP were 
added sequentially.  After 30 min, an additional 3 μL (0.024 mmol, 1.5 equiv) of Ac2O was 
added.  After an additional 45 min, the reaction was diluted with Et2O (2 mL) and washed 
with saturated aqueous CuSO4 solution (2 X 3 mL).  The combined aqueous layers were 
extracted with Et2O (3 mL).  The combined Et2O layers were washed with saturated aqueous 
NaHCO3 solution (2 X 3 mL).  The combined aqueous layers were extracted with Et2O (3 
mL).  The recombined organic layers were dried (MgSO4) and concentrated in vacuo.  
Purification of the crude reaction mixture by flash chromatography (5:95 EtOAc: petroleum 
ether), furnished 11.3 mg (64%) of 94 as mixture of lactols in open and closed chain form.  
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Analytical data for 94 (reported as a mixture of lactol and ketol isomers): 1H NMR (400 
MHz, CDCl3) δ 7.48-7.31 (m), 7.30-7.10 (m), 7.08 (m), 5.24 (s), 5.10 (s), 4.98 (s), 4.85-4.72 
(m), 4.62 (s), 4.61 (s), 4.56-4.38 (m), 4.35-4.26 (m), 4.10 (br s), 3.49-3.38 (m), 2.75-2.67 
(m), 2.60-2.48 (m), 2.32-2.20 (m), 2.02 (s), 2.00 (s), 1.98 (br s), 1.57 (s), 1.53 (s), 1.52 (s), 
1.50 (s), 1.47 (s), 1.46 (s), 1.42 (s), 1.29 (s), 1.28 (s), 0.91 (s), 0.88 (s), 0.85 (s), 0.69 (s), 0.29 
(s), 0.28 (s), 0.21 (s), 0.18 (s), 0.16 (s), 0.10 (s), -0.05 (s), -0.06 (s), -0.15 (s), -0.16 (s); TLC 
(1:9 EtOAc: petroleum ether) Rf 0.44. 
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1-(4-Acetoxy-5-methyl-6-phenyl-hexyl)-2-benzyloxy-7-hydroxy-5-oxo-4,9,10-trioxa-
tricyclo[4.3.1.03,8]decane-7,8-dicarboxylic acid di-tert-butyl ester (95).  A solution of 12.0 
mg (0.011 mmol, 1.0 equiv) of lactol 94 in CH2Cl2 (1.0 mL) was treated with 0.55 mL of a 
10/1 solution of trifluoroacetic acid/water at ambient temperature.  After 5 d (reaction 
aliquots monitored by 1H NMR for disappearance of the silyl groups) the reaction was 
concentrated in vacuo.  The crude material was dissolved in toluene (1 mL) and concentrated 
in vacuo.  This procedure was repeated twice more to afford an oil which was dissolved in 
toluene (1 mL) under an Ar atmosphere.  N,N´-Diisopropyl-O-tert-butylisourea43 (46 μL, 
0.19 mmol, 18.0 equiv) was added via syringe and the reaction was heated to 80 °C.  After 1 
h, heating was discontinued and 1 mL of Et2O was added.  The reaction was filtered through 
a pad of celite and concentrated in vacuo.  Purification of the crude material by flash 
chromatography (1:9 EtOAc: petroleum ether linear gradient to 3:7 EtOAc: petroleum ether), 
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furnished 5.9 mg (77%) of 95.  Analytical data for 95: 1H NMR (400 MHz, CDCl3) δ 7.34-
7.25 (m, 5H), 7.25-7.20 (m, 2H), 7.15 (t, J = 7.2 Hz, 1H), 7.08 (d, J = 7.6 Hz, 2H), 4.84-4.75 
(m, 3H), 4.47 (d, J = 12.4 Hz, 1H), 4.28 (s, 1H), 4.01 (s, 1H), 3.55 (d, J = 6.8 Hz, 1H), 2.75-
2.62 (m, 1H), 2.26 (dd, J = 13.2, 9.6 Hz, 1H), 2.02 (s, 3H), 2.02-1.82 (m, 2H), 1.71-1.40 (m, 
5H), 1.52 (s, 9H), 1.48 (s, 9H), 0.81 (d, J = 6.8 Hz, 3H); TLC (3:7 EtOAc: petroleum ether) 
Rf 0.40. HRMS (ESI) exact mass calculated for C39H50O12Na: 733.320. Found: 733.320. 
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